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ABSTRACT

A conventional EDM process would hardly be a complete solution for present
industrial metal cutting requirement. Lots of research work is going on throughout the
world to ameliorate its productivity and process stability. The perception of ultrasonic
vibration (UV) in conventional EDM is a novelty of this process and has the potential
of metal cutting with high accuracy, surface quality and productivity. The necessity of
hybrid process has become even more significant because of the futuristic materials
with their high potency, high creep, and fatigue resistance properties. Heat affected
zone, residual stresses and poor metal removal rate (MRR) are the major drawbacks
of normal EDM. The conventional methods of flushing by infusion, suction, side
flushing were insufficient to meet the new technological challenges of EDM. Fresh
dielectric is a vital condition to release spark by ionization within the gap. In a UV
assisted Hybrid-EDM process, stationary machining gap is supplanted with an
element responding movement of conventional EDMs framework components (i.e.
Tool, workpiece and dielectric). The hypothesis is flushing of contaminated dielectric,
to stabilize discharge conditions and avoid abnormal discharges. UV perception is
accomplished by traversing mechanical vibration to any of the sub-system of EDM
either tool, work piece or dielectric medium with the help of UV generating devices.

In EDM process, oxides (or debris) are created and accumulated in the sparkling gap
between an electrode and a work-piece. It required dedicated experimental
investigation to analysis the impacts of work piece vibration at the machining
characteristics are contemplated at various amplitudes. The focus should be given to
develop a mathematical model for Ultrasonic vibration assisted Wire-EDM including
" important parameters and their interactions with multi-performance characteristics of
Hybrid-WEDM. Almost all previous studies focused mainly on the effects of single or
a small range of vibration amplitude with continuous vibrations only. It may also be
considered as discontinuous vibration is one of the most suitable parameters for the
implementation of ultrasonic vibration in Wire-EDM for machining of material of
exceptional hardness, wear resistance and high mechanical strength. Surface finish
and residual stresses are the most sort-out output parameters in field of precision die
manufacturing. These are the machining characteristic that plays a very critical role in

determining the quality of engineering components. Good quality surfaces improve
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the fatigue strength, corrosion and wear resistance of the workpiece. Vital conditions
for accomplishing productive in Hybrid-EDM comprise in understanding the present
and forthcoming objective and attribute of the Hybrid-EDM. Thither is a requirement
for basic, orderly and logical scientific approach for analyzing of different perceptions
considering in EDM. An effort has been made to identify qualitative and quantitative
parameters and their interactions to provide useful information for the implementation
of ultrasonic vibration in EDM. The prevalence this analytical study is both

controllable parameters and objectives functions considered on the same platform.

This research work deals with design, development, application and comparison of
ultrasonic vibration assisted in Hybrid-WEDM process. In this research work,
discontinuous ultrasonic vibrations assisting Wire-EDM process with more range of
amplitude of vibration are introduced for machining of high carbon high chromium
D2 and D3 steel. Experiments are conduct to investigate Metal removal rate, Surface
roughness, and Residual stresses under a wide range of machining conditions. An
orthogonal array based on the Taguchi experimental design along with Response
Surface Methodology (RSM) are used to plan the experiments and data and assessed
with the Analysis of Variance (ANOVA) to determine the significant machining

parameters for various machining characteristics.

The optimal machining parameters of the ultrasonic assisted EDM are established to
achieve a sophisticated process with higher efficiency of the Hybrid-WEDM
applications for modern industrial requirements. The entire set of experiments was
carried out in a phased manner. The experiments in each phase were repeated three
times. The _ﬂifférent phases of experiments and the techniques used for the

experimentation are as follows:

Phase -1

>  Development of experimental set up, providing varying range of input
parameters in continuous and discontinuous ultrasonic vibrations assisting wire-EDM

process with more range of amplitude of vibration for measuring the selected

responses.

Phase —II



> Investigation of the effects of Continuous/discontinuous vibrations assisting

Wire EDM process parameters on quality characteristics viz. erosion rate, surface
roughness and residual stresses.

» Optimization of quality characteristics of machined parts.

> Prediction of optimal sets of Ultrasonic vibrations assisting Wire-EDM

process parameters.

> Prediction of optimal values of quality characteristics

> Prediction of confidence interval (95%CI)

» - Experimental verification of optimized individual quality characteristics

The Taguchi’s OA used for experimentation on Continuous/Discontinue vibration
vibrations assisting Wire-EDM process under parameter design approach has been

used to obtain the above objectives.

Phase —I11

> Development-of mathematical models and response surfaces of cutting rate,

surface roughness using response surface methodology

The half fractional second order central composite rotatable design is to be used to
plan the experiments and the input parameters like amplitude of vibration, pulse on
tinie, pulse off time, peak current, Wire Feed rate under continuous and no-vibration

to ascertain their effects on the MRR and SR.

Phase -IV

> Developmént of.__single_ tesponse optimization model using desirability
~ function -

> D_eifelqp'r'nentl of multi ijective optimization models using desirability

function .

> Détermination of opﬁm’al sets of process parameters for desired combinations

of quality characteristics

> Experimental verification of quality characteristics optimized in different

combinations

Phase -V



» Development of multi objective optimization models using Taguchi technique

and utility concept

» Determination of optimal sets of ultrasonic vibrations assisting Wire-EDM

process parameters for desired combined quality characteristics

» Experimental verification of quality characteristics optimized in different

combinations.
Chapter wise breakup of the present thesis is given below:

Chapter 1 will comprise of introduction to convention EDM and Hybrid-EDM
system for this research work. The developments in the field of Hybrid-EDM will be
discussed. The Hybrid system chosen for the present research is ultrasonic vibration
assisted EDM, which finds widespread application in advanced metal cutting industry.
The advantages and application of conventional EDM along the limitations will to be

discussed in this.

Chapter 2 the retrospective literature review will be given under different conditions,
optimization of process parameters, multi-objective optimization of machining
parameters used in respect to the ultrasonic vibration assisted Hybrid-EDM.
Depending upon literature review the gaps are identified for the present research
work. The problem will be defined to enhance the performance of Hybrid-EDM to
improve the machmmg stablhty and surface morphology. Then objectives of present

work will be _declded for this present research. The research objectives and different

Phases of Experimentation discussed will be presented.

Chabtéi’ 3 will discuss the G'raph. theory approach used to know the relative
intérdependency and legacy of various dependent and driver variables, which in past
have been speculatively analyzed . with likelihoodl instead of assurance without
considering Hybrid-EDM as. whole system. The chapter will include identification
and categorization of the various decisive factors and sub-factors affecting the
performance Hybrid-EDM. The range of Hybrid-EDM process performance index

that has been achieved and intensity of factors affecting will be calculated

quantitatively in this chapter.
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Chapter 4 will include the Interpretive Structural Modelling(ISM) & MICMAC
analysis methodologies for effective and economical execution of ultrasonic vibration
assistance in Hybrid-EDM technological reforms. To come up to such labyrinthine
difficulties of UV implementation in EDM framework, ISM approach is necessary to
recognize fitting determination characteristics, and to acquire the most suitable blend
of parameters in conjunction with the genuine metal cutting requirement for execution

of such innovative technological reforms.

Chapters 5 will include the details of Taguchi experimental design technique and
Response Surface Methodology. Also, the data analysis procedure will be described
in this chapter. |

Chapter 6 will deal with design and fabrication of experimental set-up. The various
components of Hybrid-WEDM process and their function will be discussed in this
chapter.

Chapter 7will deals with selection of process parameters and their range selection.
An Ishikawa cause-effect diagram has been proposed for this purpose and will be
elaborate in this. The levels of process parameters anﬁ material which are finalized
and selected will be discussed. The experimentation and measurement of response
parameters will also be discussed. The scheme of experiment will also be included in

this chapter. .

Chapter 8 will includé the experimental results and analysis on the Taguchi method
(Phase-1I). The results- are discussed for the response parameters viz. erosion rate,
residual sfresses and- surface morphology. This chapter also -deals with the
development of ‘mathematical models and 3-D graphs through Response Surface
Methodology (Phase-IH). The results will be discussed for the response parameters

viz. MRR and SR mcludmg Resndual stresses and surface morphology

Chapt_er 9 will deals with the devclopment of multl-_objectnfe_ opt1m1zation models
using' utility function ahd Taguchi technique. The responses will be simultaneously

optimized and the optimal levels of the process parameters will be discussed.

Chapter 10 will compn'se'of the future scope of the preéent work which will show its
importance with future prospects. Afterwards the limitations of this work will be

discussed. Suggestions for future work on the related topics have been enumerated.
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CHAPTER 1

INTRODUCTION

1.1. Background of Electric Discharge Machining (EDM) Process:

Electrical discharge machining (EDM) is a spark machining process, and also
known as sparks eroding, burning, die sinking, wire burning or wire erosion process.
It is an advanced manufacturing process whereby the replica of preferred profile is
obtained by using regular electrical discharges or sparks. This manufacturing process
can be classified into two groups based on the commonly uses in today’s metal cutting
world:

e Sinker EDM

e Wire-cut EDM

The types of electrical discharge machines introduced were the Die-sink in 1943
and the Wire-cut machine in 1960s. These electrical discharge machine tools follows
the same basic principle in order to shape the surfaces of metal using a dielectric
liquid and a tool that releases a high intensity electric spark. Material is detached from
the workpiece by a sequence of high rate of recurrence current discharges amid two
electrodes, alienated by a dielectric liquid and conditional on an electric voltage. One
of the electrodes is called the tool-electrode, or basically the "tool" or "electrode,"
while the other is called the workpiece—eléctrode, or "work piece". There is no
tangible material contact occurred amid the tool electrode and workpiece. The
discharges produced by eiec’trical phenomena, namely spark has been closely related
~ to the development of heating energy sources. Joseph Priestley (1733-1804), an

i English Theologian and -Chemist was the ﬁ-r_st to find out in 1766 erosion craters
appf;'a'red'l.:uy electric discharges on the cathode face: Priestley also inspected the affect
of the electrode material and of the discharge current on the craters size. The history
of EDM itself begins in 1943, with the devellopment of its principle by Russian
scientists Boris and Natalya Lazarenko in Moscow. The Soviet government assigned
them to examine the erosion caused by discharge between tungsten electrical contacts,
a dilemma which was principally critical for upholding of automotive engines during

the Second World War. Putting the electrodes in oil, they found that the sparks were
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more uniform and predictable than in air. They had then the idea to reverse the
phenomenon, and to use controlled sparking as an erosion method (Lazarenko B.R.,
1943). It is also during this period that industries produced the first EDM machines.
Swiss industries were involved very early in this market, and still remain leaders
nowadays. Agie was founded in 1954, and les Ateliers des Charmilles produced their
first machine in 1955. Due to the poor quality of electronic components, the
performances of the machines were limited at that time. In the 1960’s, the progress of
the semi-conductor industry permitted significantly improvements in EDM machines.
Die-sinking machines became reliable and produced surfaces with controlled quality,
whereas wire-cutting machines were sfill at their very beginning. Wire EDM
(WEDM) was initiated in the late 1960s', and has revolutionized the tool and die,
mold, and metalworking manufacturing. WEDM was considered as an exceptional
selection of the traditional EDM process, which utilizes an electrode to instate the
eroding procedure. Be that as it may, WEDM uses a ceaselessly voyaging wire
electrode equipped of lean copper or tungsten of breadth 0.05-0.30 mm, which is fit
for accomplishing little corner radii. The wire is kept in strain utilizing a mechanical
tensioning hardware decreasing the propensity of creating incorrect parts. Amid the
WEDM cutting, the material is dissolved in front of the wire and there is no
immediate contact amid the work piece and the wire and reduces the unwanted
residual stresses. This advanced cutting tool is probably the most exciting and
diversified machine tool developed for this industry in the last fifty years, and has
numerous advantages to offer. It can machine anything that is electl_-ically conductive
paying little mind to the hardness from moderately usual materials, for instance, toql'

steel, aluminum, copper, and graphite, to outlandish space-age compounds as well as

hastaloy, waspaloy, inconel, titanium, carbide.

1.2. Basic principle of EDM:

EDM is a practice of material removal from a work piece surfac_e'- by a swift series _
of short time electric sparks. The tool used for die-sink EDM spark erbding is an
electrode whose form is a negative reproduction of the shape to be formed on the
surface of the component. The schematic of a Die-Sink EDM machine tool is shown

gure 1.1. The tool and the work piece figure the two conductive electrodes in the

in Fi
electric circuit. Pulsed electrical power is abounding to the electrodes from a divided
power supply unit. The suitable feed action of the tool towards the work piece is
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endowed with for sustaining a constant gap sandwiched between the tool and the

work piece through machining.

Figure 1.1: A Schematic diagram of Die-sink Electric Discharge machining (EDM) machine tool (S. ‘
Kumar et al., 2016)

This is accomplisheal:l by either a servo motor control or stepper motor control of the
tool holder. As material gets eroded from the machining surface of the work piece, the
tool is stimulated downward towards the workpiece to uphold a stable inter-electrode
space. The tool and the work piece are sinked in a dielectric tank and flushing
arrangements are obtained for the appropriate stream of dielectric in the inter-
electrode space. Usually in oil die-sinking EDM, pulsed DC power supply is preferred
wherever the tool is connected to the negative terminal and the work piece is
connected to the positive terminal. The pulse occurrence may vary from a few kHz to

several MHz,

Figure 1.2: Basic compenents of EDM (Jameson, 2001)

The inter-electrode gap is in thg range of a few tens of micro meters to a few
hundred micro meters. Material removal rates upto 300 mm’/min can be achieved

during EDM. The surface finish (Ra value) can be as high as 50 pm during rough
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machining and even less than 1 pm during finish machining. Figure 1.2 illustrates the

basic components of the EDM process.

1.3. Material Removal Mechanism:

Material removal mechanism of sinker-EDM and wire-EDM occupied an electric
erosion effect ie. the collapse of electrode material accompanying any form of
electric discharge (The discharge is usually through a gas, liquid or in some cases
solids). A necessary situation for generating a discharge is the ionization of the
dielectric that is, separation of its molecules into ions and electrons. As soon as
appropriate voltage is apply across the electrodes, the potential strength of the electric
field between them loudening, until at some predetermined importance, the individual
electrons ruptured from the surface of the cathode and are prompted towards the
anode under the persuade of field forces. In the movement of inter-electrode gap, the
electrons smash together with the neutral molecules of the dielectric, coming off

electrons from them and originate ionization.

Dielectric I NN

flushing
NC

movement Y i 1B 5 1
‘74 Generator
Workpiece _I/ =T~

Dielectric Wire
flushing

Figure 1.3: Detail of WEDM Cutting process(Sanchez et al., 2007)

At a particular time, the ionization turned out to be such that a slight guide of
uninterrupted conductivity is formed. When this takes place, there is a extensive flow
of electrons beside the channel to the anode, bonsequential in a2 momentary current
impulse or spark. The release of energy associating the discharge pilots to the
generation of exceptionally high temperature, between 8,000° and 12,000°C, sourcing
fusion or unfinished vaporization of the metal and the dielectric fluid at the point of
discharge. The metal as fluid fall is scattered into the space encircling the tool

clectrode by the volatile pressure of the vaporous items in the discharge response
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(Pandey and Shan, 1983). This contributes in the formation of a modest pit at the
purpose of discharge in the work piece. The measure of clasping pressure required to
hold little, thin and delicate parts is insignificant, averting harm or contortion to the
workpiece. The EDM leaves no leftover burrs on the workpiece, which diminishes or

dispenses with the requirement for resulting finishing activities.

In Wire-EDM, wire electrode is negative charged and consistently moving whereas
the work piece is positive anode. The flashes will produce between two firmly divided
anodes affected by dielectric fluid. The low viscosity and fast cooling rate property of
distilled water-is utilized as dielectric in Wire-EDM, as a result of its low thickness
and (Lok and Lee, 1997). No indisputable hypothesis has been built up for this
complex machining process. Nonetheless, experimental proof recommends that the
connected voltage makes an ionized channel between the closest purposes of the work
piece and the wire terminals in the underlying stage. In the following stage the real
discharge happens with overwhelming stream of current and the obstruction of the
ionized channel slowly diminishes. The high intensity of current keeps on assisting
ionizes the channel and an intense attractive field is created. This attractive field packs
the ionized divert and results in restricted heating. Indeed, even with flashes of brief
length, the temperature of wire can locally ascend to high esteem which is more than
the liquefying purpose of the work material because of change of the dynamic vitality
of electrons into heat. The high energy dissolves a piece of material from both the
wire and work piece by locally softening and vaporizing the surface material and

along these lines it is the overwhelming heat disintegration process.

Hybrid EDM

y

-3 - l

Chemical Mechanical Thermal
I B P v v
ECDM PMEDM || USEDM | AJEDM MFEDM LBEDM

Figure 1.4: Research and deveiopment.é,reas in Hybrid EDM (S. Kumar et al., 2016).
1.4. Hybrid Electrical Discharge Machining processes:
Hybrid Electrical Discharge Machining is an advanced empirical approach ignites
the researchers and boosts them up to meet the limitations of normal EDM. The
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researchers have explored various non-conventional methods along traditional EDM,
such as electrochemical machining, ultrasonic machining and abrasive jet machining
etc. In literature, several descriptions of the term hybrid machining were found.
Kozak, Rajurkar, (2001) define hybrid machining as a combination of two or more
processes to improve productivity. These hybrid processes were introduced to take
advantages of individual processes profitably and to minimize potential disadvantages
of two’s. A Hybrid EDM can be classified on the basis of utility of secondary non-
conventional method used as discussed below:
e The method which facilitate control of necessary EDM process condition such
as flushing, normal electric discharge condition and gap etc.
e The method which improve machining characteristics for EDM process such
as MRR, Surface finish, Dimensional accuracy or reduce Tool wear etc.

The various Non-conventional methods combined with traditional EDM process in

literature are shown in Figure 1.4. These are grouped into six major categories as
mentioned below here for performance and efficiency enhancement of normal EDM
process.

Electro-Chemical Discharge Machining (ECDM) (Basak and Ghosh, 1997)
Powder mixed Electrical Discharge Machining (PMEDM)(Kansal et al., 2007)
Ultrasonic vibration Assisted EDM (HYBRID EDM)[(Abdullah and

Shabgard, 2008)
Abrasive Jet Electrical Discharge Machining (AJEDM)[(Lin et al., 2012)

Magnetic Field Assisted Electrical discharge Machining (MFEDM)[(Lin et al.,

2009)
Laser Beam assisted Electrical Discharge Machining (LBEDM)(Rasheed,

2013)
This Hybrid EDM not only improves the machining rate but also make machining of

advance materials possible which cannot be machined previously (B. Bhattacharyya,

B.N. Doloi, 1999).

Hybrid EDM process for increasing the performance index comprise some of the
combined simple shearing and erosion action of high kinetic energy posed by
particles (mechanical) , melting & evaporation (thermal) and oxidation &
precipitation (chemical), on workpiece surface for cutting . The involvement of these

erosive actions changes both physical and chemical conditions of parent processes
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under the influence of other controllable parameters. The combined erosive action of
powder addition, laser beam localized heat and ion beam give better results with spark
erosion. The performance of Hybrid technology may be considerably different from
those that are characteristic of the component processes (Ji et al., 2013). Productivity
of electro discharge/electrochemical (EDCM) hybrid machining, which consists in
making use of electrical discharges in electrolyte to metal removal is 5+50 times

greater than productivity of ECM or EDM processes (Mediliyegedara et al., 2005).

1.4.1. Electrochemical Discharge Machining (ECDM):

Electrochemical discharge machining (ECDM) process is an electrically
controlled thermo-chemical hybrid machining process. In this process, the metal is
removed as a resultant of combined effects, heating by electric spark and chemical
decomposition of metal schematic(Basak and Ghosh, 1997). In other word a
simultaneous action of electrical spark discharges (ESD) and electrochemical (EC)
reaction. A substantial experimental works has been investigated by Kulkarni, (2007)
for micro machining of holes with high aspect ratio. Synchronized and transient
measurements revealed the discrete nature of the process; it also helped in formulating
the basic mechanism for the discharge formation and the material removal. Kulkarni
et al., (2002) took advantage of the similarity of ECM and EDM processes simple
replaced dielectric fluid to mixture of HCI with distilled Water to induce chemical
machining mechanism. Jawalkar et al., (2012) highlighted processing condition and
materials being investigated by the researchers with this hybrid process. Most of the
researchers worked on glass as work material under different machining parameters
subsequently varying results. According to them a generalized metal remove

mechanism theory for ECDM process is yet to be revel.
1.4.2. Powder mixed Electrical Discharge Machining (PMEDM):

The applied hypothesis for powder mixed hybrid process is addition of metallic
powder and abrasives in EDM dielectric medium improve the machining efficiency
(Kansal et al., 2007). The process instability of traditional EDM in pure kerosene
results the arcing and short-circuit effect (Yan et al., 2012). Some also observed that
excessive powder concentration cause unstable machining process due to the short-

circuiting because of decrease in dielectric resistivity. Most researchers focused on



optimization of the process parameters, but still areas such as effect of pulse interval,
polarity and powders of some alloys such as vanadium chromium and magnesium are

to be explored referring to work surface characteristic.

1.4.3. Abrasive Jet Electrical Discharge Machining (AJEDM):

The hybrid process comprises Abrasive Jet Machining and electrical sparks that can
increase the machining drastically. The stream of fine grains mixed with dielectric
affecting with high kinetic energy cause erosive action not only increase MRR but
also helps to generate fine surface integrities (Lin et al, 2012). Machining is
-accomplished by directing mixture in the machining gap at high speed possessed by
abrasives and thermal energy of electrical discharge. The jet action also improves the
. flushing of contaminated dielectric medium. Lin et al., (2012) incorporated the AJM
with EDM process to permute the machining performance. They used ALO; and SiC
abrasive grains directed on to the machining surface. The experimental results show
this combined process is superior to the dry EDM both in MRR and Surface
Roughness. The author claimed increase in MRR between 32-46% at peak current 9-6
A individually. They observed a relationship between SR and peak currents only up to
a certain limit, which increases with peak current. Beside, the SR increased with the

pulse duration first, and then it reduce with the further extended the pulse duration.

1.4.4. Magnetic Field Assisted Electrical discharge Machining (MFAEDM):

In this hybrid process the magnetic forces are combined with the normal EDM
process by a specially designed device that expels debris for the machining gap to
maintain the normal EDM process condition. As discussed previously the
accumulation of debri.s- in max:.hjning gap contaminate the dielectric medium due to

which abnormal discharging occurred that affect the surface quality of the workpiece

" and process stability. The hypothesis for combining magnetic force in EDM device
is reduction of probabiiity of abnormal eiectrical discharge, so the machining
efficiency could be impfoved significantly (Lin et al, 2009). Cao et al, (2009)
worked on to main disadvantage of EDM that are low MRR and poor surface finish.
They combined the a constant magnetic field on both side of discharge channel the

discharge current and pulse duration were chosen as the variable to investigate the

effect on MRR and surface roughness.



1.4.5. Laser Beam assisted Electrical Discharge Machining (LBAEDM):

L1 et al, (2006) proposed hybrid machining processes consisting laser beam
machining (LBM) and EDM for drilling micro-holes of next generation fuel injection
nozzles. The conditions of LBM and EDM were examined by them to meet the
desired alignment of nozzle hole. Kuo and Huang, (2003) used LBM in EDM to
produce micro holes and compared the results with Micro-EDM process for
dimensional accuracy regarding over cut and tapered angle. From experimentation,
they concluded that performing micro-EDM and LBM such as MRR and dimensional
accuracy is mainly depends upon the laser power, wavelength, pulse duration,
frequency discharge energy, and thermal properties of the material. The heat affected
zone around the micro-hole machined by LBM is higher as compared to the micro-
hole machined by the micro-EDM. Rasheed, (2013) performed exclusive work on
comparison of Micro-hole produced by laser beam assisted EDM and traditional
EDM process. He observed that although the MRR was high in Micro-EDM but the

surface morphology of the hole was poor.
1.4.6. Ultrasonic vibration Assisted EDM (HYBRID EDM):

Ultrasonic vibration assisted Electrical Discharge Machining (HYBRID EDM)‘
process is a promising hybrid process and an active area of research. Researchers have
investigated this hybrid process for normalizing the EDM’s necessary process
conditions and performance characteristics enhancement for advanced materials.
HYBRID EDM can be consider as a system itself as shown in Figure 1.5 comprises
four main elements Tool vibrating electrode, Workpiece vibration, Dielectric medium

vibration with Control mechanism system

r . Control™ "
_ Mechanism

.
Dielectric " 4., EOM L E workplere s
. Medium | NG System J—/
T .
RN . oo
| Tool Electrod

k..

Figure 1.5 The basic elements of traditional EDM System.



Ultrasonic vibration (UV) is accomplished by traversing vibration to any of the sub-
system except control sub-system as mentioned above in a traditional EDM system

with the help of UV generating devices.
Transducer Booster ~ Hom

Ultrasonic [:>:__|
Generator @ "::]::]

Figure 1.6 Piezoelectric ultrasonic vibration generating device.

An Integrated UV generating device compriscs generator, transducer, booster and
horn/sonotrode is easily available in market in Figure 1.6. Simply by redesigning the
horn and/or sonotrode longitudinal ultrasonic vibration can transferred to any of sub-

system of traditional EDM system.

This hybrid process has been proposed to machine high strength materials i.e.
composites and super alloys with complex geometries successfully. In Hybrid EDM
the relative stationary machining gap is replaced by relative reciprocating motion of
sub-system (Tool, Workpiece and Dielectric) with intention to better circulation of
dielectric fluid to attain normal necessary discharge conditions and improved
performance index. The objective of introducing high frequency longitudinal
vibration to EDM tool is to provide better control over process conditions (Masuzawa
and Heuvelman, 1983). The effective enhancement by imparting UV action to tool
electrode is primarily ascribed to the better transmission of dielectric and debris
elimination from work piece surface (Praneetpongrung et al., 2010). Singh et al.,
(2011) concluded from their experiments and analytical studies that discontinuous
ultrasonic workpiece vibrations improve the MRR by. improving the dielectric
flushing to a greater ext_eﬁt. The reason for different machining performance is due to
the difference in. pumping action created by different ultrasonic vibrations. The
regular duration, breadth and number of micro-cracks amplify with the peak cuﬁ-ent
and pulse interval. The miCro-draéks seem to reduce when the peak current and pulse
duration are set at low levels with discontinuous vibration. The alternating ultrasonic
vibrations leave less volume of re-solidified bits aﬁd pieces in each crater which gets

extinguished with adjacent dielectric parting a rougher surface with minute micro

cracks.
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1.4.7. Ultrasonic vibration Assisted Wire-EDM (US-WEDM):

US-WEDM process is considered as the most prominent and successful technique
among the strategies for enhancing the flushing condition and machining
effectiveness. This hybrid process is viable methods for enhancing the flushing
condition in ultrasonic wave assisted EDM. Utilizations of ultrasonic vibration to
Wire-EDM was introduced and developed by Guo et al., (1997) and Lee et al., (1998).
The surface morphology was additionally moved forward through this method. They
demonstrated that the vibrating wire made various nodes and antinodes. The quantity
of nodes and antinodes would increment if the frequency of vibration incremented.
The relocation of antinodes expanded the fluid pressure variety and dissemination of

dielectric stream and subsequently enhances the flushing of molten materials
1.4.7.1. Ultrasonic wire vibration Assisted Wire-EDM (Wire-USWEDM):

Ultrasonic wire vibration Assisted Wire-EDM (Wire-USWEDM) process is a
promising hybrid process and an active area of research. Kavtaradze et al., (1989)
reported about superposition of ultrasonic vibrations in wire electrode. Moreover,
Lipchanskii, (1991) experimentally investigated the ultrasonic vibration—assisted
WEDM and found improvement in process performance. Guo et al., (1995) developed
a mechanism consisting of a transducer, a wire holder and an ultrasonic generator
mounted on a WEDM to study the vibration of the wire. The wire was vibrated to
12mm amplitude on 35 kHz frequency to investigate the machining mechanism of
WEDM assisted by ultrasonic vibration of the wire. It has been observed that
ultrasonic vibration increases the cutting efficiency of WEDM by 30% and reduce the
roughness of the machined surface remarkably. The results show that the cutting rate
’mcréa’ses whether or not the displacement of vibration is coincided with the cutting
direction. The overall machined surface tolerance is found to be dependent on the
modes of vibration of the wire under the conditions of ultrasonic assistance. The

surface residual tensile stress is also reduced with ultrasonic vibration.
1.4.7.2. Ultrasonic work-piece vibration assisted Wire-EDM :

In the past investigations, vibration was conferred to the wire while exceptionally a

couple of analysts have ever uncovered about vibrating the workpiece. The limitation
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originates from the weight and the irregular state of workpiece, which make it hard to
vibrate at the resounding frequency. The principle issue related with this improvement
was to contemplate the fundamental consistency of applying workpiece vibration to
the WEDM procedure by thinking up an extraordinary-methodology and apparatus. In
the USWEDM tests proposed by Han et al., (2013), the unpleasant cutting procedure
was tried and the vibration of Ti6/4 workpiece was utilized parallel to the cutting
heading by a level plane set transducer. The workpiece (horn itself) and transducer
together was not submerged in the dielectric water keeping in mind the end goal to
keep the entrance of water inside the transducer, rather deionised water was flushed to
the Iﬁachining zone at a pressure of 1.5Pa from best and base sides of the workpiece.
The outcome of tests demonstrated that the machining rate expanded with an
expansion of vibration frequency up to 14um and somewhat diminished from that
point, which enhanced most extreme more than 10% contrasted and the machining
rate without vibration. It was additionally watched that the machining rate was higher
for the more slender workpiece (5mm) than that for the thicker one (10mm) as the
machining region was more prominent in the last case. Contrasting to the vibration of
wire, the flat vibration of workpiece changed the start hole of entire start region in the
meantime, not simply changing some start purposes of wire vibrating (Hoang and
Yang, 20 1.3). So it could quicken the slurry course between the wire and workpiece all
the more viciously and increment the cutting rate. Additionally, with the upsides of
workpiece-energized strategy the use of small scale WEDM in tools and passed on

machining industry could be all the more generally extended.
1.5. Advantages of EDM process:

Traditional EDM machines can be programmed for vertical machining, orbital,
vectorial, directional, helical, conical, rotational, spin and -index'mg machining cycles.
This adaptability provides EDM process much compensation over traditional

manufacturing technology.
. Flexibility to Metals:

The method can be adapted to all electrically conducting metals and alloys and does
not matters of their melting points, mechanical properties. This process is suitable to

various advanced material.
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® Profiles and contours ;

Any complicated profiles and contours that can be developed on the tool can be
reproduces on the work piece. Highly complex profiles and contours shapes can be
made by shaping the tool with divide sectioned profiles, by welding, brazing or by

pertaining swiftly setting conductive epoxy adhesives.
. Machining of hard metals:

This EDM process can be used for particularly hardened material. Hence, the
deformation of the work piece produced out of the heat treatment process can be
eradicated. Time of machining for hard metals is less than conventional machining -

processes.

. Residual stress:

This processes developed minimum residual stresses on the machined surface as
compare to other traditional machine tools. It is attributable to the verity that the
bodily contact between the tool and the work piece is purged. Thus, delicate and lean

workplaces can be machined without deformation and stresses.

J Surface quality:

Perforated type of exterior surface finish by design generates space for lubricants

causing the die life to develop. Hard and corrosion resistant surfaces, fuandamentally

desirable for die making, can be generated. |
- 1.6.  Application of EDM:

.The EDM is utiliied fbr the fabrication of tool and dies having muddled profiles and
various different segments. The EDM gives financial focal points to making stamping
~ tool and dies, wire drawing and expulsion-tool and dies, forging dies, multifaceted

- shape mould cavities and so forth.
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Figure 1.7 Precision fasthole and micohole EDM drilling (AA EDM Corporation)

It has been to a great degree utilized for machining of intriguing materials
utilized as a part of aviation ventures, obstinate metals, hard carbides and heat treated
capable steels. Typical EDM application includes fine cutting with tread shaped
electrodes (wire-cutting EDM), drilling of micro-holes, tread cuttings, helical profile
milling, rotary forming, curved hole drilling. Manufacturers also produce EDM
machines for the specific purpose of removing broken tools (drill bits or taps) from
work pieces. In this application, the process is termed "metal disintegration
machining". Delicate work piece like copper parts for fitting into the vacuum tubes
can be produced by this method. The work piece in this case is fragile to withstand the
cutting tool load during conventional machining. Fig 1.7 and 1.8 show some of the

components produced by EDM techniques.
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Figure 1.8 chs, slots and shaped holes fr Iargroe blades, vanes, rings, burner, etc. (AA
EDM Corporation)

The present application of WEDM process includes automotive, aviation, mould, tool
and die manufacturer. WEDM applications can also be found in the medical, optical,
dental, jeweler industries, and in the automotive and aerospace R & D areas (Ho et al.,

2004).

The machine's capacity to work unattended for quite a long time or even days
additionally expands the allure of the procedure. Machining thick segments of
material, as thick as 200 mm, notwithstanding utilizing PC to precisely scale the
extent of the part, make this procedure particularly important for the manufacture of
tools and dies of different kinds. The machining of pi-ess stamping dies the tools is
improved in light of the fact that the punch, pasé on, pﬁnch plate and .stripper all can
be machmed from a typical CNC program Without WEDM the manufacture
procedure requires NUMmMErous long stretches of termmals creation for the ordinary
EDM system, and addltlonally numerous long peno_ds_of ‘manual granulating and
cleaning. With WEDM the general mar‘iufac;ure time is lessened by 37%,

notwithstandiﬁg, the handling time is diminished by 66%.
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1.7. Limitation of Traditional EDM Process:

The advanced materials (Nimonic, Titanium, Inconel, Composite Materials, TiNi
SMA, Niobium, Tungsten and Aluminum Alloys) ignite the necessity to develop
further this traditional EDM processes. Researchers have been consistently working
on traditional EDM with an aim to accomplish better dissemination of dielectric liquid
and stable discharge conditions that resulted in enhanced MRR, thin recast layer,
better process stability, high aspect ratio, and vitality productive arcing and short-
circuit (A. Kumar et al., 2016). But traditional EDM alone unable to meet the today’s
industrial metal cutting challenges. There is a need of innovative brain storming to
providing better control over EDM machining conditions. Some other limitations

associated with this process are discussed below;

e Poor flushing away of machined debris.

¢ Frequent adhesion of the tool electrode to the workpiece.

* Higher fraction of unwanted discharge states for manufacturing of high aspect

ratio micro geometries holes.

e Stagnation of debris.

e Extensive tool wear.

e Low material removal rate.

¢ Unwanted gases generate during machining pollute the environment.

e Residual stresses and micro-cracks deteriorated strength of material.

e Thick recast layer and heat effect zone of machined surface.
The unpredictability of gap dimensions especially with intricate work piece geometry
reduces the desired achievable accuracy. Hybrid Electrical Discharge Machining is a

splendid concept gaining attentions of researchers to meet these limitations
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CHAPTER 2

LITERATURE SURVEY AND PROBLEM FORMULATION

Gl

2.1. Literature Review

components (Pandey and Shan, 1983). But machining of advance materials (Nimonic,
Titanium, Inconel, Composite Materials, TiNi SMA, Niobium, Tungsten and
Aluminium Alloys) for high accuracy and high surface quality deteriorate its
performance. A normal EDM process would hardly be a complete solution for present
industrial metal cutting requirement. The institution of advanced materials ignites the
necessity to develop further this traditional EDM processes. Some of the common
limitations with normal EDM are discussed in section 1.7 of Chapter 1. The problem
magnifies especially with intricate work piece geometry reduces the desired
achievable accuracy and precision. The Hybrid Electrical Discharge Machining is a

splendid concept gaining attentions of researchers to meet these limitations.

Lots of research work is going on throughout the world to ameliorate its productivity
and process stability. The perception of ultrasonic vibration (UV) in conventional
EDM is a novelty to this process, with the potential of improved metal cutting with
high accuracy, surface quality and productivity. It is because of unique characteristics
of longitudinal ultrasonic mechanical vibration that can propagate through solids with
a frequency of above 15 kHz (Kuo, 2009). A basic EDM system comprises three
main elements ie. Tool electrode, Work piece, Dielectric medium along with a

control mechanism system as show in Figure 1.6 (Chapter 1). -

In this Hybrid EDM process, stationary machining gap is supplanted with ar_i elerh_érit
responding movement of conventional EDMs framework components (ie. Tool,
workpiece and dielectric) in die-sink EDM. The hypothesis is flushing of
contaminated dielectric and to stabilige discharge conditions to avoid abnormal
discharges. UV perception is accomplished by traversing mechanical vibration to any
of the sub-system of EDM either tool, work piece or dielectric medium with the help

of UV generating devices. The stationary machining gap is replaced by dynamic
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reciprocating motion of sub-elements (Tool, Workpiece or Dielectric medium) with

intention to enhance flushing of dielectric fluid and necessary discharge conditions.

Murti and Philip, (1987) discussed cavitation effect of UV in EDM. According to
them, Cavitaion is nucleation, development, and burst of vaporous air pockets that
was caused by acoustic pressure. The ultrasonic field’s force caused by acoustic
pressure was the major components having huge impacts in UV assisted EDM.
Cavitation bubbles rare occurrence was firmly correlated as the role of acoustic
pressure, motions recurrence, dielectric liquid density and sound speed in dielectric
medium. This backward and forth spatial variation prompts expanded hydrostatic
pressure gradient to flush the contaminated dielectric. Only a few researchers have

examined ultrasonic vibration aided wire-EDM in the accessible available literature

domain.

Some very early experimental investigations were undertaken by Kavtaradze et al.,
(1989) and Lipchanskii, (1991). Most of these work focused on transfer of ultrasonic
vibration to wire electrode. The main hypothesis for that concept was flushing of
sullied dielectric fluid, regular successful discharge condition and surface morphology
under different controllable parameters to assess the likelihood instead of the

assurance of quality characteristics.

Zhixin et al., (1995) elucidated that the ultrasonic waves spread as a flexible wave
from tool electrode and results in elective pressure and rarefaction of dielectric
medium to workpiece. The mechanical vibration of workpiece caused the molten

metal and gas gone up to evacuate effortlessly and come about less short circuits.

Guo et al., (1995) endeavoured the wire vibration along and normal to the cutting
direction and vindicated 30% increment in cutting rate as well as diminishment in
sur‘face roughness. They also proposed the mechanism of metal cutting for ultrasonic
vibration of the wire and concluded that ultrasonic vibration of wire prompted less

_ stress in the wire that reduced frequent wire breakage. They specified that the high-
frequency ultrasonic vibration of wire move the discharge focuses and influenced the

discharge wave dispersion more uniform in whole discharge channels.

According to Lee et al., (1998), the high frequency directing activity of the tooltip,

drained the debris from discharge gap and sucked new dielectric into cutting region.
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The action of tooltip enhanced discharge frequency and thereby increased metal
removal rate (MRR).

Lin et al., (2000) analysed the machining characteristic of titanium alloy using UV
of tool electrode. They claimed that UV improved discharge wave form and thereby
diminish spark delay, which encouraged the typical normal discharge condition.
Contrasted with the instance of "without ultrasonic vibrations", the spark recurrence
was higher. The chronic discharge wave profile appeared to have prompted an

expansion in the machining effectiveness.

According to Ghoreishi and Atkinson,(2002), acoustic pressure made more molten
metal to expelled from the crater, that caused gas bubbles and debris a solid float.
These cavitation air pockets progressed toward surface becoming non-round and drive
rapid planes of fluid into the machining surfaces, and make shock waves. They also
described that the inbuilt control system of EDM diminished the current and reduced
gap between tool and workpiece. The inbuilt control system of EDM influenced the

discharge gap, and coagulation of debris prompted arcing and short/open circuit.

Ghoreishi and Atkinson,(2002) also implemented various innovative flushing
method in normal EDM, as they observed that the conventional methods of flushing
by infusion, suction, side flushing were insufficient to meet the new technological
challenges of EDM. Fresh dielectric was a vital condition required to release spark
through ionization of the dielectric within gap.

Wansheng et al., (2002) proposed UV in EDM for machining of deep holes and
explained that the sensitive servo and pulse system tried to keep up the fundamental |
consistent state for EDM machining for proficient release. Ultrasonic vibration at high
discharge energy setting encourages the penetration of atoms and ion onto the |
machined surface that are escaped from tool electrode evaporation and dielectric

medium ionization. The acoustic forces so raised results in apparent increment in
micro-hardness of machined surface.

Huang et al., (2003) described that ultrasonic vibration of workpiece developed
solid stirring impact and brought about amazing evacuation in small micro-EDM

process that enhanced more than 60 times of the machining effectiveness.

Nishiwaki et al., (2008) illustrated that at the point when a large mess of debris and

bubble existed at the discharge gap, the electrical discharge ended up noticeably
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anomalous. The debris coagulation within the discharge gap contributed to condition

of abnormal discharge.

Yu et al., (2009) transacted ultrasonic vibration to enhance the aspect ratio. They
pointed out that presence of debris and bubble in discharge gap provoked the
secondary sparks between the tool and the debris. They also observed that the
machining speed slow down when the hole was drilled deeply in normal micro-hole
drilling by EDM. The planetary movement of an electrode provided an uneven gap
through which the bubbles and debris escaped from the working area easily to avoid
blocking of dielectric flow into working area in normal micro-hole drilling. Where as
in ultrasonic tool vibration, the tool electrode feed rate increased significantly. The

UV action of tool enhanced the wetting effect in discharge gap.

Abdullah et al., (2009) described the effect of ultrasonic vibration on surface
integrity. They concluded that ultrasonic wave in dielectric medium could create an
extensive variety of pits and exposed fresh profoundly warmed uncut workpiece
surfaces that might be in charge of the disintegration of the tool and workpiece
materials. They also impaﬁcd ultrasonic vibration and found slight increment in the

tool wear and decrease in recast layer thickness.

Marinescu et al, (2009) proposed solution for the performance of ultrasonic
vibration assisted EDM. They discussed that the collapse of cumulative micro jets and
all bubbles rose from the discharge region; produced shock waves parallel to

machined surface, these were accountable of poor surface finish.

Kuo, (2009) analyzed the application of vibration in EDM. They observed that,
execution of vibration in EDM process relied upon the discharge energy, whereas
higher discharge energy stimulated surface rou\ghness. The application of ultrasonic

vibration decrease span of arcing and vast numbers of arcing per pulse duration and
hence.signiﬁcaﬁt reduce the machining time.
Peng and Liao, (2004) explained that the cyclic pressure apply a positive pressure

to cavitation bubl?les and push the dielectric elements together, while extension cycles

triggered a critical size of bubble until it rough crumple in the gap.

Singh et al., (2011) accomplished finite element analysis followed by experimental
investigation and acclimated that the pumping action caused by workpiece ultrasonic

vibration in Die-sink EDM. Dielectric medium directed out while workpiece upward
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movement was like the beating action of the reciprocating pumps, amid the falling

motion of the workpiece sucked dielectric inside the discharge gap.

Shabgard et al., (2013) perceived the fuzzy logic algorithm for optimization and
modeling of multiple objective problems in UV assisted EDM. A fuzzy model for the
prediction of tool wear ratio (TWR), MRR, and surface roughness for tungsten
carbide (WC-10%Co), machining were developed and validated with experimental
results. They suggested that the MRR and surface roughness increase with the pulse

on time and peak current.

Iwai et al., (2013) used UV of tool electrode in EDM to machine polycrystalline
composite diamond. They claimed that the pounding action of the tool electrode
creates alternative suction of fresh and exhaust of contaminated dielectric_ and

facilitate the most appropriate condition for dielectric ionization in the gap.

Schubert et al., (2013) discussed the enhancement of micro EDM, they claimed the
Ultrasonic vibration of tool tip activity, forces the frontal discharge region. The two
noteworthy aftermath of UV of the tool is dielectric medium vibration and
intermittent bolster withdrawal developments of ionization region width through the

vibrating parts.

Hoang and Yang, (2013) transferred ultrasonic vibration to work piece. The
recognized that the ultrasonic vibration of workpiece brought some 1.5 times higher
machining rate compared to that of wire vibration in Wire-EDM. They acquired
cutting rate 2.5 times to that of the normal wire-EDM process and at the same time

increase the wire cutting accuracy with minimum kerf width.

Han et al., (2013) studied the effect of workpiece as a horn ultrasonic vibration in
wire EDM, and discussed the effect of workpiece vibration on kerf width, machining
rate and surface finish. They observed 10% improvement in machining rate, but

ironically surface roughness also increased with that.

Shabgard and Alenabi, (2015) evaluated the surface morphology under Ultrasonic
vibration of tool. They concluded that ultrasonic vibration of tool reduced abnormal
discharge and open circuit pulses and increases normal discharges that stabilize the
machining process. They also explained that low pulse energy generate low heat
effected zone, whereas thick heat effected zone and high crack density was obtained

at high pulse energy in both UV assisted EDM and normal EDM process. They also
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graphs of machined surface that a

explained with the help of SEM cross-section micro
ickness and typically very hard

thin lamina of condensed molten metal with varying th

beneath this. This entrapped lamina of condensed molten metal causes residual stress

concentration, micro-holes and cracks; this ultimately leads to poor surface

morphology of workpiece.

y that caused high dissipation of
urface roughness results were not
al., 2015). The unpredictable
process limits its maximum

to widen Die-sink EDM's

The pulse on time increase the discharge energ
molten metal and large crater size left behind. The s
consistent with low frequency of vibration (Chugh et
and stochastic nature of the factors associated with this
capacity utilization. Ultrasonic vibration was introduced

machining adequacy with confounded geometry at high accuracy. (Kumar et al,

2016)

Kumar et al., (2017) identified the 21 sub-factors affecting the overall performance of
Hybrid EDM and they further grouped these factors into five major factors. They
concluded that flushing and dimensional accuracy obtained through these waves, were

the main contributors to the Hybrid EDM performance.

Khosrozadeh and Shabgard, (2017) studied the effect of UV in Die-sink EDM.
They concluded that the Residual stresses gcnerated due to UV of the tool are of

compressive in nature and smaller than that of conventional EDM.

In an exclusive work carried out by Nani, (2017), concluded that wire vibration

increase the intensity of dielectric liquid breakdown. The hammering action caused by

an ultrasonic field to that debris helped in improving the surface finish.
Muttamara et al., (2018) applied .ultrasonic vibration in EDM using Tin powder

combined with dielectric medium and observed that the combined effect can diminish

the cracks on machined.

Liu et al., (2018) applied a simulation.st_u_d_y, to demonstrate the mechanism of debris
remove UV assisted Hybrid EDM process. They observed that the high ﬁ-equency and
amplitude of vibration enhance the dielectric fluid circulation betweer the tool and

electrode. This ultrasonic vibration of tool facilitate in process stability.
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2.2. Identified Gaps in Literature:

Form literature survey, It has been found that the ultrasonic vibration in EDM
process is a convoluted undertaking. Recent developments in ultrasonic vibration
assisted Hybrid-EDM with various input process parameters, performance indexes

and the hypothesis tested are shown in Figure 2.2.

The researchers have formulated and tested these hypotheses experimentally to
evaluate the probability rather than certainty of hypothesis. It was found that
hypotheses such as MRR, SR and residual stresses had been less explored for normal
Wire-EDM, whereas flushing of contaminated dielectric fluid and dimensional
accuracy hypotheses had been considered more frequently and significantly
contributes the performance of Hybrid-EDM process. In literature review, some
qualitative parametric challenges such as flushing (Evacuation of debris, pumping
effect and stirring effect) and abnormal discharge (arcing and short circuit, discharge
wave distribution) were observed. The concept of ultrasonic vibration in EDM is still

under developing stage.

Developments in USEDM
( Modes of Ultrasonic Vibration \
s
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Fig. 2.1 Recent developments in Hybrid EDM with various input process parameters, Performance

indexes and the Hypothesis Tested.

23



There are different technical difficulties associated with execution of this process.
The measures and attributes of Hybrid-EDM process contrast each other, and generate
uncertainty conditions and yield lots of space for further growth. After a
comprehensive study of the existing literature, the gaps have been observed in
ultrasonic vibration assisted Hybrid EDM process.

e A few efforts have been made in recognizing and ranking of qualitative and
quantitative factors affecting the implementation of Ultrasonic Vibration in
EDM process.

e Almost negligible efforts have been made to establish relative importance and
correlation among these qualitative/quantitative factors by quantitatively
analyzing their inheriting strength in implementing Ultrasonic vibration in
EDM.

e Almost all studies investigated the influence of continuous tool and wire
vibrations only. Study on work piece vibration is limited and only with narrow
range of amplitude of vibrations. Also discontinuous work piece vibration
remains untouched.

e [Literature review reveals that limited researchers have carried out the work on
Ultrasonic vibration in Wire-EDM which includes developments, monitoring
and control of the process.

e There is no or very limited information available in the direction of
optimization of process parameters from the component qﬁal-ity point of view
of Hybrid Wire-EDM. _

e There are conflicting opinions from various researchers ;egérding the effect of

some of the variables on the response parameters of Hybrid Wire-EDM.

Although some efforts have been reported towards the control of the process through
analytical modeling to suggest the process mechanisms, yét several key issues (e.g.
Mechanism of dielectric fluid flushing in normal EDM and Hybrid EDM process to

enhance productivity etc.) remained mostly untouched.
2.3. Statement of the problem:

The outcomes built up in literature convey that better machining yield for ultrasonic

vibration can be obtained in normal EDM. In EDM process, oxides (or debris) are
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created and accumulated in the sparkling gap between an electrode and a work-piece. It
required dedicated experimental investigation to analysis the impacts of work piece
vibration at the machining characteristics are contemplated at various amplitudes. The
focus should be given to develop a mathematical model for Ultrasonic vibration
assisted Wire-EDM including important parameters and their interactions with multi-
performance characteristics of Hybrid Wire-EDM. Almost all previous studies focused
mainly on the effects of single or a small range of vibration amplitude with continuous
vibrations only. It may also be considered as discontinuous vibration is one of the most
suitable parameters for the implementation of ultrasonic vibration in Wire-EDM for
machining of material of exceptional hardness, wear resistance and high mechanical
strength. Surface finish and residual stresses are the most sort-out output parameters in
field of precision die manufacturing. These are the machining characteristic that plays a
very critical role in determining the quality of engineering components. Good quality
surfaces improve the fatigue strength, corrosion and wear resistance of the workpiece.
Vital conditions for accomplishing productive in Hybrid-EDM comprise in
understanding the present and forthcoming objective and attribute of the Hybrid-EDM.
There is a requirement of basic, orderly and logical scientific approach for analyzing
different perceptions considering in EDM. An effort is required to identify qualitative
and quantitative parameters and their interactions to provide useful information for the
implementation of ultrasonic vibration in EDM. The prevalence this analytical study is

both controllable parameters and objectives functions considered on the same platform.

2.4. Objective of present investigation:

This research work deals With design, development, application and comparison of
ultrasonic vibration assisted m_'Wire-EDMllﬁfoces's m selected advanced manufacturing
_ technblogy. However the previous studies focused mainly on the effects of single or a
small range of vibration amplitude with continuous.\iibrations only. In this research
'wor-k1 synchrom'zed disbontinuous 'ulltrasonic'vibrations aésisting Wire-EDM process
with more range of amplitude of vibration are introduced for machining of high carbon
high chromium D2 and D3 steel. . Experiments are conduct to investigate metal

removal rate, surface roughness, and residual stresses under a wide range of machining

conditions.
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e Enlistment and categorization the decisive factors in the path of adoption and
implementation of Ultrasonic vibration assisted EDM under different mode of
vibration.

e Established relative importance among these qualitative/quantitative factors by
quantitatively analyzing their inheriting strength.

e Compared the performance under three modes of ultrasonic vibration imparted
to Hybrid EDM process through logical and structural graph theoretical
methodology.

o Development of Set up for Hybrid Wire-EDM process.

e Optimization of quality characteristics for High carbon High Chromium D2
and D3 steel material.

e Prediction of optimal sets of proposed hybrid EDM process parameters.

e Prediction of optimal values of quality characteristics.

o Experimental verification of optimized individual quality characteristics.

An orthogonal array based on the Taguchi experimental design along with Response
Surface Methodology (RSM) are used to plan the experiments and data and assessed
with the Analysis of Variance (ANOVA) to determine the significant machining

parameters for higher MRR and wire feed rate.

The optimal machining parameters of the ultrasonic assisted EDM are established
to achieve a sophisticated process with higher efficiency of the Hybrid wire-EDM

applications for modern industrial requirements.
2.5. Different Phases of Achieving Objective:

Phase -1

»  Development of experimental set up, providing varying range of in'pﬁt
parameters in continuous and discontinuous ultrasonic vibrations assisting wire-EDM

process with more range of amplitude of vibration for measuring the selected

responses.
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Phase —I1

> Investigation of the effects of Continuous/discontinuous vibrations assisting

Wire EDM process parameters on

quality characteristics viz. erosion rate, surface
roughness and residual stresses, |

»  Optimization of quality characteristics of machined parts.

> Prediction of optimal sets of Ultrasonic vibrations assisting Wire-EDM
process parameters.

»  Prediction of optimal values of quality characteristics
»  Prediction of confidence interval (95%CI)

> Experimental verification of optimized individual quality characteristics

The Taguchi’s OA used for experimentation on Continuous/Discontinue vibration
vibrations assisting Wire-EDM process under parameter design approach has been

used to obtain the above objectives.
Phase —II1

»  Development of mathematical models and response surfaces of cutting rate,

surface roughness using response surface methodology

The half fractional second order central composite rotatable design is to be used to
plan the experiments and the input parameters like amplitude of vibration, pulse on

time, pulse off time, peak current, wire feed rate under continuous and no-vibration to

ascertain their effects on the MRR and SR.

Phase -1V

»  Development of single response optimization model using desirability
function ) |
# DeveIopmenfb’f multi objective optimization models using desirability
function | o

> Determination of optimal sets of process parameters for desired combinations
of quality characteristics |

>  Experimental verification of quality characteristics optimized in different
combinations
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Phase -V

>  Development of multi objective optimization models using Taguchi technique
and utility concept

»  Determination of optimal sets of ultrasonic vibrations assisting Wire-EDM
process parameters for desired combined quality characteristics

>  Experimental verification of quality characteristics optimized in different

combinations.
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CHAPTER 3

ANALYSZING AND COMPARITIVE STUDY OF HYBRID EDM
USING GTA AP_PROACH

In this study, some qualitative as well as quantitative parameters have been
identified through literature that affecting Hybrid-EDM performance. The parameters
under considering were flushing (Evacuation of debris, pumping effect and stirring
effect) and abnormal dis'charge (arcing and short circuit, discharge wave distribution).
On the premise of literature surveys, the main factors and sub-factors affecting Hybrid
-EDM process execution were recognized and gathered in Table 3.1. There was a
requirement of simple, systematic and logical methods or mathematical tools to guide
for considering and selection of attributes/objectives and their interrelations for the
_ proposed process. To meet the various technological challenges, an interactive Graph
theory approach was selected with pre-defined objective to compare attributes, and
likewise obtain the most appropriate combination of attributes. This methodology
allowed for interactive enhancement and test of knowledge of ultrasonic vibration
assisted EDM. A Graph theory approach is a logical and systematical approach useful
for modeling and analyzing various science and technological problems (Rao and
Gandhi, 2002). An endeavor has been made through this present work to know the
nature and therefore assessed the relative interdependency and legacy of various
dependent and driver variables, which in past have been speculatively analyzed with

likelihood instead of assurance without considering Hybrid -EDM as whole system.

The principle objectives of this study are:

> To identify and categoi‘ize the various decisive factors and sub-factors

affecting the performance Hybrid-EDM under process. .
> To establish interdependency among these qualitative/quantitative factors by

quantitatively analyzing their inheriting strength using the Graph-Theoretic Approach
(GTA).

> To achieve a range and coefficient of variation of performance index value

through a structural GTA methodology.
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Graph theory approach allowed monitoring of the simultaneous effect of all the
factors. This interactive methodology provided approximate solution in a reasonable

time frame and cost with reasonable effort.

3.1. Identification and categorization of factors:

Form literature survey, It has been found that the ultrasonic vibration in traditional
EDM process is a convoluted undertaking. There were sure attributes which
contribute for Hybrid -EDM process performance index grouped here in this study

and discussed in next paragraphs.

Table 3.1 Factors and sub-factors affecting the Hybrid -EDM process performance

Factors Sub-Factors Reference
1. Suction & Exhaust of (7 Singh et al., 2011) (Kremer et al.,
Dielectric due to Pumping 1991)(Schubert et al., 201 3)(Zhixin et al.,
Action 1995a) (Ghiculescu et al., 2014)
1. Flushing 2. Debris and gas bubble (Kremer et al., l?‘)l)(Krcma‘ etal., 1989) (Kim
’ debris evacuation et al., 2006) (Ghiculescu et al., 2014) ]
3. Frequency of pumping (Lee et al., 1998)
action
4, Stirring effect (Liew et al., 2014) (Huang et al., 2003)
1. Ultrasonic field force (Murti and Philip, 1987)Ghiculescu et al.,
2012)
2. Acoustic pressure (Murti and Philip, 1987)(Kremer et al., 1991)
(Ghiculescu et al., 2014)
2. Cavitation 3. Dielectric fluid density (Liew et al., 2014) (Shabgard and Alenabi,
2015)
4, Sound velocity in (Liew et al., 2014)
dielectric
5. Vibration amplitude (Liew et al., 2014) (Ogawa et al., 2012)
Arcing & short circuit (Ghoreishi and Atkinson, 2002)(Mahardika et
3. Abnormal al, 2012)
Discharge - Debris concentration (Nishiwaki et al., 2008) (Yu et al., 2009)
Discharge wave Distribution (Guo et al., 1997) (Lin et al., 2000)
Aspect ratio (Prihandana et al., 2009) (Ho et al., 2004)
) (Wansheng et al., 2002)
4. Dimensional Tool Wear (Narasimhan et al., 2005) (Mohri et al., 1991)
Accuracy [ Wetting effect (Yu et al., 2009) (Kwan, K. M., Benatar, 2001)
Traverse direction of UV (Nishiwaki et al., 2008) (Iwai et al., 2013)
Tool geometry (Narasimhan et al., 2005)
Thickness of recast and heat | (Kremer et al., 1989) (Mesee et al., 2014)
' ' effect layer (Abdullah et al., 2009)
LOHRS Size of micro holes & cracks | (Shabgard et al., 2013)
Morphology Residual stress (Kremer etal., 1991)
Micro-Hardness (Shabgard et al., 2013) (Lin et al., 2001)
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It was found that researchers have less éxplored the influence of factors such as
cavitation, abnormal discharge, where as flushing of contaminated dielectric fluid,
dimensional accuracy and surface morphology were the most frequently considered
factors significantly affecting the performance of Hybrid-EDM process as shown in

Figure 3.1.
3.1.1. Flushing(H,):

Flushing is characterized as the right flow of dielectric liquid between the tool and
the work piece (Pandey and Shan, 1983). Generally the flushing was accomplished'
by infusion, suction, side flushing and pumping activity (Ghoreishi and Atkinson,
2002). The hammering action of tool electrode splashes contaminated dielectric fluid
and allowed the fresh to move into the gap (Kremer et al., 1989). The high frequency
pumping action of the tool tip, pumped the debris away and sucked fresh dielectric
mto machining region, increased discharge efficiency and metal removing rate

(MRR)(Lee et al., 1998). The mechanical vibration influenced the frontal discharge
gap due to two major effects. One of which was vibration of dielectric medium and

other was working gap width through periodic feed-retraction-movements of the

vibrating parts (Schubert et al., 2013).

US-EDM u Flushing
FACTORS

m Cavitation

m Abnomal
Discharge
Dimensional
Accuracy

' Surface defects

Figure 3.1 Contribution of various factors in Hybrid -EDM performance considered by researchers

The strong stirring effect caused by UV action, which resulted in excellent flushing
in micro EDM process that increased the machining efficiency more than 60 times

(Huang et al., 2003). Stirring effect was helpful to uniformly distribute the carbon

nano-fibers in the dielectric fluid (Liew et al.,, 2014).
ated as elastic wave through tool electrode and resulted in alternative

The ultrasonic waves

propag
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compression and rarefaction of dielectric medium to workpiece (Zhixin et al., 1995a).
The mechanical vibration caused relative motion of tool to the workpiece imparted the
kinetic energy to the discharged debris. This caused the debris and gas bubbles to
- remove easily and resulted fewer shot circuits occurred in discharging (Kim et al.,
2006). Singh et al. (2012) developed FEA model using ANSYS 5.4 software for the
analysis pressure variation. The pumping action was taken for the analysis. For the
FLOTRAN CFD elements, the velocity were obtained from the conservation of
momentum principle and the pressure was obtained from the conservation of mass
principle. They demonstrated that dielectric fluid was pumped out while work-piece
upward motion and that was similar to the pumping action of the reciprocating pumps.

And during the downward motion of the workpiece dielectric was sucked inside.
3.1.2. Cavitation (H;):

Murthi and Philip (1987) identified cavitation (nucleation, growth, and burst of
gaseous bubbles), ultrasonic field forces (radiation force, Stoke’s force, Bernoulli’s
attraction), and acoustic streaming as the factors having significant effects in
ultrasonic assisted EDM. This phenomenon was strongly related to acoustic pressure,
oséillations frequency, dielectric fluid density, sound velocity in dielectric and
vibration amplitude (Marinescu et al., 2009)Error! Reference source not found..
Those alternating pressure variations lead to increased hydrostatic pressure variation
(Kremer et al.,, 1991). Compression cycles exerted a positive pressure and push the
liquid molecules together, while expansion cycles increased a critical size of bubble
ulntil it violent collapse in the liquid. (Pang et al., 2011). The violent collapse of
bubbles in the gap, generated -shock waves parallel to machined surface, was
responsible of roughness debreasc. Pressure va-rie_iti'on caused more molten metal to be
re-moved from the carter, causing debris a strong drift (Ghoreishi and Atkinson, 2002).
- Ghiculescu et al. (2012) proposed FEM model of metal removing mechanism of
ultrasonic tool vibration assisted Micro EDM. They considered thermal and cavitation
effects of UV using cosmol rﬁetdphy’s‘ics and time dependent heat transfer in solids.
The Ultrasonic oscillation period consists of semi period of dielectric compression
from the gap and a stretching semi period. That could generate a wide range of pits
and produce newly exposed highly heated surfaces that may be responsible for the

erosion of the tool and workpiece materials (Abdullah et al,, 2009). The cavitation
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occurred more easily when the homogeneity of the liquid was disturbed by external

particles. The debris within the discharge gap created during the EDM enhanced the

cavitation effect.

3.1.3. Abnormal Discharge (H;):

In EDM metal removing is due to thermal phenomenon caused by local temperature
in the region of 8000-12000 °C (Hassan Abdel Gawad El-Hofy, 2005). A layer of
metal melted and ejected due to electric discharge as a result of ionization of dielectric
medium, and tiny particles from the workpiece surface evacuated called debris.
However, when debris remained between the electrode and the workpiece surface, the
electric discharge occurred not between the electrode and the workpiece surface but

between the debris and the electrode (Yu et al., 2009).

The accumulation of debris in discharge gap that restricted the further machining is
called a state of abnormal discharge. The performance of EDM process depended on
the discharge energy, where as higher discharge energy lead to poor surface finish.
The control system reduced the current or energy and smaller the gap. That made
control task more complex and accumulation debris might build a bridge between the
electrode and workpiece, allowing arcing to occur that lead to short and open circuit

(Abdullah and Shabgard, 2008).

Nishiwaki et al. (2008) measured the discharge gap and depth of hole by using the
pulse echo technique during EDM process. Elastic waves generated during electrical
discharge in gap, these waves passed through workpiece and variations of the
received elastic waves were detected by ultrasonic transducer. Elastic waves were
caused at electric discharge points could not be detected because the elastic waves
become a noise. When debris concentration becomes high an abnormal electric
discharge state occurred. Then, the work piece could not be machined further. In order
to control the abnormal discharge state flushing of these highly concentrated debris
discharge gap is must. The total duration of arcing was reduced by the application
vibration and decreased with increasing frequency. The numbers of arc discharge
increased with frequency and resulted in significant reduction of machining time
(Gamn et al., 2011). Adhesion occurred when the molten metal of the workpiece

become attached to the tool electrode, caused the abnormal discharge as a result of
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short-circuiting between the workpiece and tool electrode, and inhibiting recovery of
EDM machining. Ultrasonic vibration was used to remove adhesion and hence arcing

and short circuit that increased metal removing rate (Mahardika et al., 2012).

Yu et al. (2009) observed that the machining speed slowed down when the hole was
drilled deeply in normal micro-hole drilling by EDM. The planetary movement of an
electrode provided an uneven gap through which the bubbles and debris escaped from
the working area easily to avoid blocking the dielectric flow into working area

occurred in normal micro-hole drilling. In ultrasonic vibration assistance, the tool

electrode feed rate increased significantly because the Ultrasonic vibration enhanced

the wetting effect in discharge gap. The high-frequency ultrasonic vibration shifted
the discharge points and made the discharge wave distribution more uniform and form
discharge channels (Guo et al., 1997). The debris produced from the melted metal

cold accumulate in the discharge gap and cluster with carbon element and tar

produced from the pyrolysis of kerosene, thus making the discharge condition

abnormal and leading to arcing. The ignition delay reduced due to discharge wave
form that improved the bridging effect to facilitate the normal discharge (Lin et al.,

2000). A higher discharge frequency and regular discharge wave profile obtained by

ultrasonic vibration increase machining efficiency compared to without vibration

(Prihandana et al., 2009).

3.1.4. Dimensional Accuracy (H):

The machining of holes with high aspect ratio and depth faced dimensional'

inaccurate, the maccuracy increases with complex geometry. The tapered hole and

overcut were resultant of critical frontal tool wears (Ho et al., 2004). Dimensional

accuracy was a function of tool geometry (shape and sme) ar_:d its path (Narasimhan et

al., 2005). Tool wear was 'aﬂ'ect'ed- by the pfecipitation of carbon from the

hydrocarbon dielectric onto the electrode surface durmg sparkmg The rapld wear on

the electrode edge was due to the failure of carbon to prempltate at difficult-to-reach
regions of the electrode (Mobhri et al., 1991) In addmon the womn electrode reduced
the machining accuracy because the generated feature was the result of a combination

of the tool electrode shape and its tool path (Narasimhan et al,, 2005). Ultrasonic

vibration assistance of workpiece slightly decreases the tool wear ratio (TWR) on

finishing regime, the exception is found at pulse-on time 50ps (Shabgard et al., 2011).
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When the debris traversed longer distance before to be expelled completely, these
could generate more sparks between tool and the workpiece walls and resulted higher
overcut (Teimouri and Baseri, 2013). The adhesion of the oil-decomposed carbon to
the electrode surface caused by electrode wear rate and it was higher when complex
direction of prorogation of vibration imparted(Iwai et al., 2013). High aspect ra}tio
restricted the debris evacuation because of the turned over edges of the craters,
secondary discharge occurred easily at hole internal surface that caused taper
dimensional inaccuracy (Wansheng et al, 2002). Wetting effect of ultrasonic
vibration weakened the boundary between bubble and dielectric that cause reduction
of viscous resistance and the bubbles were broken easily and consequently higher
aspect ratio can be achieved (Yu et al,, 2009). Srivastava and Pandey, (2012) and
Abdullah et al (2009) applied the ultrasonic vibration causes slight increase in the tool

wear as the amount of recast layer deposited on the tool reduced.

3.1.5. Surface Morphology (Hs):

A typical cross-section of work surface after traditional EDM process exhibits a thin
layer of molten metal and has no fixed thickness usually very hard below this. The
molten metal region of workpiece layer in extremely hot region vaporized and
expelled away by high pressure wave generate due to dielectric turbulence from the
electric discharge, while material underneath remain solid. This caused stress
concentration, pinholes and micro-cracks and eventually led to poor strength of the
workpiece (Guu, Y. H., Hocheng, 2001). According to Lin et al. (2000), the possible

reason for thin recast layer in the combination EDM/USM process was the completely

remove of mcf Iten metal for the gap.

" In Hybrid-EDM pr‘o.éeés the recast layer was more regular and continuous, it was

~ sometime slightly thicker. The residual stresses set up to a certain depth only, no

e surface, residual stresses having the same value
al., 1989). Lin et al. (2001) find that softening

d the hardness of machined surface

significant effect was observed at th
without-or with vibrations(Kremer ct
layer adjoining hardness layer improve
significantly. Singh et al. (2012) conducted

discontinues UV action of workpiece and found t

experimentation with continues and

hat ultrasonic vibration decreased

the size and numbers of micro-cracks on work surface.
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Figure 3.2 Modified Framework for Hybrid-EDM performance Index Evaluation (Agrawal et al.,
2016).

3.2. Methodology:

A definitive objective of GTA is to demonstrating and analyzing target factors
through scientifically substances to assess dependency or independency and
communications exist among qualitative/quantitative variables of a framework (Wani,
M.F., Gandhi, 1999). In this study, a modified framework is developed shown in
Figure 3.2. The step by step approach is explained in next paragraphs. Various
researchers have used _GTA méthodology to evaluate the performance in
manufacturing technology. Rao and Gandhi, (2002) proposed digraph and matrix
strategy to assess machinability of work piece and failure cause examination of
machine tool. Gandhi and-Agrawal, (1994) exhibited GTA strategy for framework
wear investigation. The Hybrid-El?M performance index elements distinguished and

gathered in this paper with likelihood rather than assurance.

The GTA approach gives a precise normal for the Hybrid-EDM performance, albeit
new for advance manufacturing technology, to abstain from speculating and instinct
in touching base at conclusions. A network showing factors and their interactions has

been proposed to model the Hybrid-EDM process through graph representation.

If interactions are not direction dependent, the environment is represented by an
undirected graph; if direction dependent, it is called a digraph representation (Grover
et al., 2004). The five major factors and their corresponding sub-factors are utilized to

assess the degree of the performance index as indicated in equation 3.1.

Hybrid -EDM Performance index = f {(H1)®, (H2)", (H3)®, (Hs)® & (H5) )

Where H;,. H,, H;, H,‘,'_&. Hj represent the _-ii]l}critanc_e value of factors affecting the
Hybrid-EDM performance Index; and intensity of dependency value a, b, ¢, d and e

are the extend of individual factors affecting the objective function.

The endeavor here is to co-relate these five critical elements, their quantification of

inheritance value based on sub-elements and interdependencies of these critical
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elements, dependency value of individual factors obtained through digraph correlation

representation (Grover et al., 2006).

3.3. Digraph representation for Hybrid-EDM process performance:

A digraph is utilized to speak to the restrictive variables of Hybrid-EDM process

index and their interdependency as far as hubs and edges. In an undirected diagram,
no bearing is allocated to the edges in the graph, while coordinated diagrams or
digraphs have directional edges (Deo, 2017). A Hybrid-EDM process performance
digraph speaks to the procedure steadiness measure of attributes or elements (')
through its hubs and the edges compare to the reliance 'of components (%;s). "hy"
demonstrates the level of reliance of the i component on the j™ variable. In the
digraph "A;" is spoken to as a guided edge from hub i to hub j. The digraph licenses us

to imagine the Hybrid-EDM elements and gives sentiment complex associations

among components.

3.3.1. Digraph generation at System Level for Hybrid-EDM factors:

The five broad factors identified in the previous section from literature review i.e
flushing (H)), cavitation (H;), abnormal discharge (H3), dimensional accuracy (/)
and surface morphology (Hs) are directed edges in the performance digraph represent

the dependence of one factor on another shown in Figure 3.3.

The Cavitation (H>) is shown affecting all other factors. Flushing () affects other
three factors, ie. a directed edge from (H)) to abnormal discharge Hj; Dimensional
Accuracy (H;) and Surface Morphology (Hs); researchers have attempted some
innovative ideas to achieve this by injection, suction, side flushing and pumping

action and through addition assistances (Pandey and Singh, 2010).

Abnormal Cavitation (H)

F' N

Discharge (H:)
y \
A 4 4

Dimensional Surface

Flushing (H;)

v

Accuracy (Hq) Morphology (Hs)
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Figure 3 3. Hybrid-EDM process performance evaluation digraph. Nodes: 1. Flushing (H1); 2.
Cavitation (H2); 3. Abnormal Discharge (H3); 4. (H4); 5. Surface Morphology (H5s);

Abnormal discharge factors (H) affects Hy and Hs. Surface Morphology (Hs) is
affected by all the factors. It may be noted that the Surface Morphology cannot affect

flushing, cavitations and other factors (thus no directed edge from H; to other factors).
3.3.2. Digraph generation at Sub-system Level for Hybrid-EDM Sub-factors:

The interdependency of sub-factor at sub-system levels are visualized through
digraphs as shown in Figure 3.4. to 3.8. Superscript denotes the subsystem and

subscript indicate the sub-factor affecting the subsystem.
Figure 3.4. The digraph representation for
e e Flushing

Figure 3.5. The digraph representatioﬁ for Cavitation

Fig. 3.6. The digraph representation for abnorma]'dischargé'




Figure 3.7. The digraph representation for Dimensional accuracy

()
e

Figure 3.8. The digraph representation for Surface morphology

3.4. Process performance Matrix representation [Hybrid-EDM]:

Since a digraph is a visual representation, it helps in analysis to a limited extent only
(Grover et al.,, 2006). To establish an expression for Hybrid-EDM performance index,
the digraph is represented in matrix form, which is convenient in computer processing
also. A digraph of five factors leading to a 5™ order symmetric (0, 1) matrix [A] =
[45]. The rows and columns in the matrix represent interactions among factors, i.e. h;

represents the interaction of the ‘/*'” factor with the *” factor;
hj;=1; if factor ‘i’ is connected to factor 4’

= (), otherwise:

Generally h;# h; as Hybrid-EDM performance factors are directional and A; = 0, as
a factor is not interacting with itself. The Hybrid-EDM process performance matrix is
square and non-symmetric and is analogous to the adjacency matrix in graph theory.
The Hybrid-EDM matrix ‘[A4]” representing the digraph shown in Figure 16 is written
as Equation 3.2;

Factors H; H, H; H, Hg

H, 100 0 0
_ H 0100 0
[A]*Hg 00100

H, 000 10

Hg 000 0 1
.......... (3.2)
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Off-diagonal elements with value 0 or 1 represent the interdependency of Hybrid-
EDM performance factors, The diagonal elements are 0 since the effect/inheritance of
Hybrid-EDM performance factors is not taken into consideration. To consider this,

another Hybrid-EDM characteristic matrix is defined.

3.4.1. Process performance characteristic matrix [CM- Hybrid-EDM]:

Let “H’ as the variable representing Hybrid-EDM process performance factors. The
characteristic matrix already used to characterize Hybrid-EDM process performance
elements. The Hybrid-EDM characteristic matrix [B]’ as'shown in Equation 3.3, for
the digraph shown in Fig 3.7, mﬁy be expressed as [H I-A], where ‘[4]’ is the matrix

represented in Equation 3.2 and consider ‘[/]’, an identity matrix.

Factors H, H, H; H, Hs

H,y H 0 -1 -1 -1
H -1 H -1 -1 -1
B] = g e B SR Sk TEE 3.3
gl Hj 0 0 H -1 =1 (3

H, 0 0 -1 H -1

H; 0 0 0 0 H
In the [B] matrix the value of all diagonal elements is the same, i.e. all Hybrid-EDM
performance factors have been assigned the same value which is not true in practice,
since all Hybrid-EDM process performance factors have different values depending
on various sub-factors affecting them. Moreover interdependencies have been
assigned values of 0 and 1 depending on whether it is there or not. To consider this,

another matrix, the Hybrid-EDM process performance variable characteristic matrix is

considered.

3.4.2. Process performance characteristic matrix [VCM- Hybrid-EDM]:

The Hybrid-EDM process performance variable characteristic ‘matrix takes 'i.nto
consideration the effect of different factors and their interactions. The digraph in Fig
3.7 is considered for defining [VCM- Hybrid-EDM]. As stated earlier the ‘H;’s and
‘h,’s represent nodes and edges, respectively, in the digraph. Consider a matrix ‘[C]’

with off-diagonal elements ‘A’ representing interactions between Hybrid-EDM

factors, i.c. instead of 1 (as in Equation 3.3).
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Another matrix ‘[D]’ is taken with diagonal elements ‘H;’, i=1, 2, 3, 4, 5 where the
‘Hy’ represent the effect of various factors, i.e. instead of ‘A’ only (as in Equation
3.3). Considering matrices ‘[CT’ and ‘[D]’, VCM- Hybrid-EDM is expressed as: [E] =
[D-C]

Factors H1 Hg H3 H4 Hs

H, H, 0 —hyz —hyy —hgs
[E] = H, —hyy Hy —hyz —hy —h,s
Hy 0 0 Hy —has —has
Hy 0 0 —hy Hy —hy
HS 0 0 0 0 Hs

The matrix provides a powerful tool through its determinant, called the variable
characteristic Hybrid-EDM performance multinomial [VC-Hybrid-EDM]. This is a
characteristic of the Hybrid-EDM process and represents the Hybrid-EDM
performance of the process, considering the effect of Hybrid-EDM process elements
and their interactions. Due to consideration of selective interaction of Hybrid-EDM
process performance factors (as per Fig 3.7), some of the diagonal elements in the
matrix in Equation 3.4 are zero. The determinant of the matrix in Equation 3.4, i.e. the
variable characteristic Hybrid-EDM multinomial, carries positive and negative signs
with some of its coefficients. Hence complete information in the Hybrid-EDM
performance will not be obtained as some will be lost due to addition and subtraction
of numerical values of diagonal and off diagonal elements (i.e. ‘H;’s and ‘h;’s). Thus
the determinant of the variable characteristic matrix, i.e. the matrix in Equation 3.4,
does not provide complete information concerning the Hybrid-EDM process
performance. For this, another Hybrid-EDM process performance variable permanent

" matrix, [VPM- Hybrid-EDM], is introduced.

3.4.3. Process performance variable permanent matrix [VPM- Hybrid-EDM|:

The performance in Hybrid-EDM process enabled when the effect of all the factors
is maximum. Since total quantitative value is not obtained in [VCM- Hybrid-EDM],

the Hybrid-EDM process performance variable permanent matrix is defined for the
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process in general (assuming interactions among all factors) as [H] = [D +C], where

[D] and [C] have the same meaning as stated earlier.

Factors Hy H, H; H, Hs
H, Hy hy; hiz hy hys
H, has Hy hys hay hys
Hj has hs; H; hgy hss
H, h-u h4z h43 H, h45
Hs hsy hs; hsy hsy Hs

Thus, the variable permanent process performance matrix [VPM- Hybrid-EDM]

corresponding to the five-critical factors of this process performance digraph (Figure

3.3) is given by

Factors H, H, H3 H, Hs
H, Hy 0 hy3 hyy hys

VPM M- Hybl'ld - EDM - [Ht] — HZ h’Zl Hz h23 h24 hzs

H 0 0 H; hz hss
Hy 0 0 hyg Hy hgs
Hy 0 0 0 0 H

eeeeen(3.6)

The diagonal elements H;, H,, H;, H; and H; represent the contribution of the five
critical factors in creating the process performance and the off-diagonal elements
represent interdependencies of each element in the matrix. The contribution can be

expressed quantitatively and is explained later in this paper.
3.5. Permanent representation for Hybrid-EDM performance function:

Both digraph and matrix representations are not unique as these change by changing
the labeling of nodes. To develop a unique representation, independent of labeling, a
permanent function of the matrix VPM-HY BRID-EDM (Variable Permanent Matrix-
HYBRID-EDM) is proposed for this purpose. Permanent is a standard matrix function
and is used in combinatorial mathematics (Jurkat and Ryser, 1966). The permanent
function is obtained in a similar manner as its determinant. A negative sign appears in
the calculation of determinant while in the permanent, ie. the variable permanent
function, positive signs reduce these negative signs. These computation processes

result in a multinomial (Equation 3.6) that’s every term has a physical significance
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related fo the environment. This multinomial representation includes all the
information regarding critical elements including human aspects and strategic policies
and interactions amongst them. Quantitative Hybrid-EDM evaluation of an
organization is obtained from VPE-HYBRID-EDM by substituting numerical values
of the ‘H;’s and ‘h;’s which are obtained analytically or by comparing to ideal cases.
This single numerical index is the representation of a typical Hybrid-EDM
environment in quantitative terms. The variable permanent Hybrid-EDM function

(VPF-HYBRID-EDM), being the characteristic of the Hybrid-EDM environment of
an organization is a powerful tool for its analysis. The VPF-HYBRID-EDM

expression corresponds-to the five-factor digrapl/VPM-HYBRIDUS-EDM and i1s

given by;

{VPF — HYBRID-EDM] = per [H*]

per[H']=[]r_n[ HI.]+[; ;;ZZZ(%}:},—)H*H,HM}

i=1 m n

; zzzzzwm.-+h,-mg,,hﬁ'>m}
L4 ] kI m

PRGN AL
i j ok I om
+ 2, 2 2 2 2 (b + bbby )H,
L i 3 kI om

S S S iy )i i)
1 g kT e . . -
+ D3 D (b by by )
L P4k oom ! . ; ‘.

Equation 3.6 is the complete expression for the consider_ed proposed process, as it
considers the hre.sencé of all factors and all of the‘pdssible, interdependency and
inheritance between the various factors. The terms are the sets of distinct diagonal
elements (i.e., ‘H,’s) and loops of of.’f:dia'gon'a-ll elements 6f different sizes (i.e., b hy,

hg-hjk }?;‘;, etc.).

The permanent of the matrix (i.e. Equation 3.7) is a mathematical expression in

symbolic form. It ensures an estimate of the theprocess performance. Equation 3.8
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contains M! terms. Each term is useful for Hybrid-EDM experts as each term serves
as a test for the interdependency. Equation 3.8 contains terms arranged in M+ 1
group, where M is the number of factors, which in this case is 5. The physical

significance of various grouping is explained as follows.

> The first term (grouping) represents a set of M unconnected Hybrid-EDM
performance factors, i.e.H; H, H;..... H,,

> The second grouping is absent in the absence of self-loops.

» Each term of the third grouping represents a set of two-element Hybrid-EDM
loops (i.e. 4; A;) and is the resultant process interdependency and inheritance
of characteristics ‘4> and ‘j* and the process measure of the remaining M-2
unconnected elements.

> Each term of the fourth grouping represents a set of three-element Hybrid-
EDM loops (4 hjy hy or its pair Ay Ay hy) and the Hybrid-EDM performance
measure of the remaining M-3 unconnected elements.

> The fifth grouping contains two subgroups. The terms of the first sub gri)uping

consist of two-element Hybrid-EDM loops (i.e. hyhj; and huhu) and Hybrid-

EDM component (H,). The terms of the second grouping are a product of

four-element Hybrid-EDM loops (i.e. Ay hy hu hy) or its pair (i.e. hy hn hy hy)

and Hybrid-EDM performance components (i.e./).

The terms of the sixth grouping are also arranged in two sub-groupings. The

terms of the first sub-grouping are a product of a two-element process

performance loop (Le. hy hy) and a three-element proposed process loop (i.e.

Piat P Pig) OF its pair (i.€. Agm Bt Pu). The second sub-grouping consists of a

five-component processloop (i.e. hy A hwt Mim Pimi) OF its pair (Aim At hix b hji).

Similarly other terms of the expression are defined. Thus, the Hybrid-EDM

aracterizes a mode of vibration for the considered

performance Index function ch
machmihg operation as it contains all possible structural components of the factors

and their interdependency and inheritance.

3.6. Quantification of ‘Hy’s and ‘h’s:

Quantification of the ‘H;’s and ‘h;’s (i.e. the diagonal and off-diagonal elements of
permanent matrix of Hybrid-EDM performance Index) is required for evaluation of
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Hybrid-EDM performance. The qualitative measure of the factors (i.e. the ‘H/’s) is

evaluated considering each ‘H;’s as a subsystem and the graph theoretic approach is

applied in each system. The Hybrid-EDM performance index is a measure of the ease

with which a material can satisfactorily be machined in a given machining operation. -
The Hybrid-EDM performance function defined above i.e., Equation 3.8 is used for
evaluation of the performance index as it contains the presence of factors and their
inherent interdependency. The numerical value of the Hybrid-EDM performance
function is called the performance index. As the Hybrid-EDM performance function
contains only positive terms, therefore higher values of ‘H/s and ‘h;’s will result in
an increased value of the Hybrid-EDM performance index.” To calculate this index,
the required information from literature review and expert opinion are the values of
‘H;s and *hy’s. The value of ‘H;’ is obtained from a standard or specified test. Ifa
quantitative value is not available, then a ranked value judlgement on a scale, e.g.,

from 0 to 10, is adopted.

The value of of H; and h;; are evaluated with the Table 3.2 is suggested, yvhich

represents the performance attributes on a qualitative scale.

Table 3.2. Value of Hybrid EDM performance factors ()

Qualitative measure  Assigned value of

of Factors importance of factors (Hi)
Extremely low
Very low

Low

+Below average
Average

Above average
High

Very high
Extremely High

Rl=T- B T L - e

It is workable for a given process some of the H; qua'litieé will be subjective and the
rest -quantitative. Also, these quantitative' qualities will have diverse units. It is in this
way attractive to change over or standardize the quantitative estimation of the H; on

the same scale as the subjective quality, i.e., 0 to 10.

The interdependency between two characteristics (i.e., hj) for a given Hybrid-EDM
operation is likewise appointed a quality on the scale 0 to 5 from Table 3.3 and is
masterminded into six classes. The relative interdependency suggests that a property
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1" 1S contrasted and another trait "j" as far as its interdependency for the given
Hybrid-EDM process.
Table 3.3 Quantification measure of interdependency of diagonal elements ‘4’

Qualitative measure of
interdependencies of *hij’s

S.NO Class description

Very Strongly dependent
Strongly dependent
Medium dependent
Weakly dependent

Very weakly dependent

L, T N P G Y
=W R

3.7. Nlustration of Hybrid-EDM Performance Index:

. Asdiscussed, the Hybrid-EDM performance is a function of five elements and their
interdependence. Although it is very difficult (and not common) to talk about Hybrid-
EDM performance in quantitative terms, the variable permanent function Hybrid-

EDM performance (i.e. Equation 3.6) is a useful tool and estimate of the this process.

3.7.1. Matrix permanent function generation at system Level:

It is a function of various Hybrid-EDM elements, their interdependencies and

complexities. Hence the proposed proéess performance index Hybrid-EDM process is

given as:
Hybrid-EDM performance index = per [H*] =Permanent value of [VPM-Hybrid-

EDMJ;
Factors H; H, H; H, H;

| H [H 0 5 5 4

- . H, 4 H, 3 3 4

VPM — Hybrid — EDM = per[H*] = H, 0 0 H, 4 3
- ‘ H, 0 0 3 H 2

H 0 0 0 0 H

R i 1.

3.7.2. Matrix and variable permanent function generation at sub-system Level:

Using generalized equation the variable permanent matrix (VPM) for each sub-
system digraph (Figure 3.4-3.8) is written in equations (3.10, 3.11, 3.12, 3.13 and
3.14). The interdependency between sub-factors are assigned using table below, while

the inheritance is assigned in next step.
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sub factors H} H} H} H;

H2 H 5 0 3
VPM for Flushing = per[H!] = H1 0 H 0 0
H3 5 4 H} 4
H! 0 4 0 H
..... (3.10)
sub factors H? HZ Hi Hi H
H? 2 4 0 0 0
2 2
VPM for Cavitation = per[H?] = Hy A O L
H? 0.4 H 4 0
H? 0 5 0 H} 0
HE 3 5 0 0 H?
ce(311)
sub factors H} H} H3
H} g 2 2
VPM for Abnormal Discharge = ] = : . il | S
ischarge = per[H?] 13 5 H S
H3 3 0 H:
(3.12)
VPM for Dim. Accuracy = per[H*] =
sub factors Hf Hi Hi H{ Hg
HE H 4 3 0 0
HS 4 H' 3 0 5
...... 3.13
H i o g o o|®2
HE 0 3 3 Hf O
HE 4 4 4 0 HE

VPM for Surface Morphology = per[H®] =
sub factors Hi H; H; Hi

H? H 3 4 3
H3 0 H 2 2/...(3.149
H3 0 0 H} 4
H; 0 0 3 H;

3.7.3. Quantification of ‘H;’s and ‘h;?s for Hybrid-EDM sub-system level:

The values of these factors and their interdependence for diagonal elements are
found on the basis of the data available in the literature and the experience of

manufacturing personnel. If a quantitative value is not available, then a ranked value
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Judgment on a scale (e.g, from 1 to 10) is adopted form Table 3.2, suggested for this

purpose. To assign numerical values to the interdependence of barrier ‘hu. off diagonal

elements the opinions of manufacturing experts can be recorded. But this
interdependence of factors cannot be measured directly and, hence, qualitative values
may be adopted. These qualitative values of the interdependence of enablers are also

assigned form Table 3.3 on a scale (e.g., 1 to 5), as suggested in Table (3.4, 3.5, 3.6,
3.7&3.8). '

Table 3.4. Quantification of Flushing sub-factors

Factors ; Flushing(H1)
Sub-Factors Hl11 Hi12 H13 H14
_Quantitative value 8 9 7 6
Table 3.5. Quantification of Cavitation sub-factors
Factors Cavitation(H2)
Sub-Factors H21 H22 H23 H24 H2
5
Quantitative value 2 9 8 ¢l 7
Table 3.6. Quantification of Abnormal discharge sub-factors '
Factors _ * ' Abnormal discharge (H3)
Sub-Factors H31 . H32 _' H33
Quantitative value 9. 8 e T e e
~ Table 3.7. Quantification of Dimensional accuracy sub-factors
Factors Dimensional accuracy (H4)
Sub-Factors  H4l . H42 H43 - H44 H45
Quantitative 7 9 ¥ 6 8
value
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Table 3.8. Quantification of Surface morphology sub-factors

Factors Surface morphology (H5)
Sub-Factors H51 H52 H53 H54
Quantitative value 8 8 7 7

3.8.Calculation of Permanent function for Hybrid-EDM system and subsystem

Level:

The value of permanent function of each system and sub-system is evaluated by
generalized equation 8. A computer program in MATLAB has been developed for it.
Values of diagonal elements to sub-system have been provided in Table (3.4, 3.5, 3.6,
3.7 and 3.8) using Table 3.4. These values are selected based on the previously
published research, pervious experiments and FEA analysis carried by authors.
Permanent function or index values of each sub-system are obtained under different

conditions of sub-factors.

sub factors H} H; H; H}
H} 8 50 3
VPM H, = per[H'] = H} 0 9 0 0|=3024
H! 5 4 7 4
H! 0 406
sub factors HE H? HZ H} HZ
le 2 4000
H 09 000
VPM H, = per[H?] = : =7056
2 = perli] H? 0 4 8 4 0
H? 0507 0
H2 3500 7
sub factors H} Hi H;
H} 9 2 2
27 1 s
= = =652
VPM H, = per[H?] i3 [5 o
H3 3 0 7
sub factors H{ H; Hi H} H}
4
ﬁi 7 430 0
VPM H, = per[H*] = % 4 9 305 —d
S H# 407 00 6632
H# 03360
HE 4 4 4 0 8
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sub factors HP H3 H; H;

H 8 3 4 3
HS 00 7 4
HS o0 3 7

VPM HYBRID — EDM = per[H'] =

Factors H, H, H, H, He
Hy 3024 0 5 5 4
0

H, 4 7056 3 3 4
Hs 0 0 652 4 3
H, 0 0 3 46632 2
Hs 0 0 0 0 3904

=3.28647 X 10"

3.9.Coefficient of variation of Hybrid-EDM performance Index for system and

sub-system level:

The coefficient of variation for Hybrid-EDM performance index can be evaluated by
assuming the hypothetical extreme values of the Hybrid-EDM sub-factors matrix
diagonal elements. The index value is maximum or minimum when all the factors are
affecting- extremely high (9) or extremely low (1) as in Table 3.2, to the diagonal
elements of the permanent function matrix correspondingly from Table 3.5. Hence,

the Hybrid-EDM performance index value can be calculated at these extreme values

of sub-factors index.

Table 3.9. The Coefficient of variation of index values of the permanent function

Maximum Minimum Coefficient

Permanent Performance  performance  performance of
function Index value Index Index variation

= of index
Per(H1) 3024 6561 6 7.90
Per(H2) 7056 59049 1 i 76.10
Per(H3) 652 903 47 © 3726
Per(H4) 46632 109449 737" 15.36
Per(H5) 3904 7533 13 . - 347

Per(H*) 3.28647X1018 2.88436X1020 2.70278X106 99.84
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3.10. A Comparative study of the performance Ultrasonic Vibration Assisted
Hybrid-EDM under three modes of vibration:

In literature, UV action in traditional EDM system is imparted with Magneto or
Piezo-electric actuator. A Piezo-electric actuator is basically an assembly of generator
and convertor (transducer and sonotrode) as shown in Figure 1.6, to produce
mechanical vibration with optimum amplitude at fixed frequency called resonance
frequency (Kei-Lin, 2009). The horn designed for this should have slightly lower
own frequency then that resonance frequency of the actuator to get maximum
amplitude of vibration. The maximum amplitude is obtained for titanium horn that is
very costly (Nanu et al., 2011). These limitations resist the applicability of UV action

for tool and workpiece in EDM system.

Ultrasonic dielectric medium vibration might provide a good solution for this
problem. Ultrasonic vibration to dielectric fluid had significant effect on machining
time and tool wear but had not significant effects on machining characteristics
(Ichikawa and Natsu, 2013). Dielectric medium vibration improved maximum
machining depth, hole geometry, MRR and surface topography (Liew et al, 2014).
Cavitation helped to achieve high aspect ratio and improve surface topology as
ultrasound decrease the diameters of microspheres. There was a significant
improvement in micro structure, micro cracks, surface finish and machining time

(Prihandana et al., 2011).

Cavitation occurred more easily when the homogeneity of the liquid was being
disturbed by particles. Within the discharge gap, tiny particles debris formed during
the EDM process stuck to cavitation bubbles facilitate flushing (Liew et al., 2014).

The gas bubbles of the cavitation phenomenon can become stable gas bubbles.
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Figure 3.9 Contribution of various attributes for different mode of vibration in Hybrid -EDM

It rises and creates a stream transporting these tiny particles out of the discharge gap
and contributes to homogenization of dielectric medium (Schubert et al., 2013). A
Schematic model for debris and cavitation bubble removal through the UV action of

dielectric medium is shown in Figure 3.9.

3.10.1. Identification of Hybrid EDM performance Index Factors:

Form literature survey, It was found that the ultrasonic vibration in traditional EDM
process is a convoluted undertaking. There are sure factors which contribute for this
process performance index, that were grouped here in Figure 3.9. These factors
significantly contribute the performance index. The researchers had formulated and
tested these factors using scientific and interactive design approaches to evaluate the
probability rather than certainty of factor (Kumar et al, 2017). It was'fouud that
factors attributes such as cavitation, abnormal discharge have been less explored,
whereas flushing of contaminated dielectric fluid; dimensional accuracy and surface
morphology have been considered more frequently. Researchers have considered the
less influencing factors such as abnormal discharge (23.7%) and environment hazard

& chemical reactions (6.8%). Whereas flushing of contaminated dielectric fluid
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(84.7%), dimensional accuracy (50.8%), surface morphology (64.4%) and cavitation
(42.4%) are the most significantly contributing factors found affecting the

performance of this process.
3.10.2.  Digraph representation for process performance factors:

The effectiveness of the UV action depends upon the relative importance-of the
factors identified through literature review. A specific scientific approach cannot be
used to analyze this system, as of complex interrelation and relative importance
among' factors. The concept of introducing three modes of ultrasonic vibration to
EDM system could be successfully implemented without proper selection of these
factors i.e. Flushing, cavitation, abnormal discharge, dimensional inaccuracy, surface

morphology, environment hazard & chemical effects.

Figure 3.10 Hybrid EDM performance Index factors digraph for Attributes; (1) Flushing (K,); (2)
Cavitation (K»); (3) Abnormal discharge (K3); (4) Dimensional accuracy (K4); (5) Surface Morphology
(Ks); and (6) Ergonomic & Chemical effect (Ke)

A schematically interaction fepresentation among six factors that corresponding to
performance are shown in Figure 3.10. The digraph permits us to visualize the

performance factors and gives a feeling of relative importance between the factors.
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This digraph is basically used to represent the conditional factors of the proposed
process and relative importance among each other in terms of nodes and edges. This
digraph characterizes the process performance quantify of characteristics or factors
(Ki’s) through its nodes and the edges match to the importance of factors (Kj’s). “Kyj”

indicates relative importance of the i factor over the i factor. In the digraph K is

represented as a directed edge from node i to node j.

3.10.3.  Matrix representation process performance:

A digraph of M factors leading to an M™ order matrix A = [K;]. This is an MXM
matrix and considers all factors (i.e., K;) and their relative importance (i.e., Kj;). This

matrix [A], for the performance index digraph in Equation (3.15) for the this process
as; )

3

Factors Ki K, Ks K, Ks.. Knp
Ki 1Ky Ko Kz Ky Kis.. K]
Ky |Kax K, Kz Koy Kps.. Kom
Ky Kz Kizz K3 Kz Kzs.. Kip
[A] = Ky (Ksx Kiz Kiz Ky Kisoo Kim - (3.15)
Ks |Ks1 Ksz Ks3 Ksa  Ksoo Ksm

Km -Kml sz Km3 Km4 Kmsm Km-

The rows and columns in the matrix represent relative importance among factors, i.e.
K;jrepresents the relative importance of the i’ factor with the ' factor: where Kiis the
value of the i™® attribute represented by node, K is the relative importance of the i*
attribute over the j'K represented by the édge Kjj. The permanent of this matrix 4, i.e.,

per [A], is clear as the performance index functions with six factors along relative

importance are expressed in Equation (3.16).

Factors K, K, K; Ki Ks Kg
Ky 1K Kiz Kiz Kis Kis  Kie)
K, |Kz1 K Kaz Kua Kps Ky
Ks |Ksx Kz Kz Kizs Kizs Kig| ....(3.16)
[A] = K, |Kun Kiz Kiz Ki Kis Ky
Ks |Ksi Ksz Kss Ksa Ks Kse
K¢ LKgi Koz Kezs Kea Kes  Kgl .

The permanent 1S 2 standard matrix function and is used in combinatorial

mathematics (Jurkat and Ryser, 1966). Application of this permanent concept will
lead to a better appreciation of performance index factors of the proposed process. By
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using this, no negative sign will appear in the expression (u
matrix in which a negative sign can appear) and hence

The performance index permanent function for matrix ¢

nlike the determinant ofa
no information will be lost.

an be expressed as Equation

(3.17);

perld]= [:’l szzz;z( ,, ,,)kax,ﬂ]

+

Equation (3.17

elements an

S ST (K ¢ KKK

| i kI m

ZZZZZW”MQQW .......... (3.17)

j k ! m

+ TS YN (K, KKK+ K KKy KK,

; kI m

”z Z z z z (KUKJI )(K K.’mek +K Kmeu‘k )

I m

+ZZZEZ(KuKﬁKﬂK K, + K, m:kaKk; K,)

k1

) is the complete expression for this process, as it considers all

d all of the possible relative importance between the factors.
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6
Pe?’(A) =|: n K!:|+|:ZZZZZZ(KUKJ:)K!:KIK:HK»}
P J k

J'.=1 m n

4 2 ;Z*: ZZ Z(KgKﬁK“ +K,K K, )K;K,,,K,,]

FZ z 2*“ Z ; z (K,K,)K.K,)K,K,

N Z ; Z*] Z Z Z (K K KK, + K, KKK )K, K,
Z)}:Eﬁj Z;Eﬂ:(x,}xﬁ WK KoKy +K o Koy Ki) Ko

h+ Z;;z;zﬂ:(ﬁuxﬁxﬂxmxm + K, K, KK KK,
Z ? z*j Z %‘, Z (KK KK K Ko + K Ko K Ki)

* L2 LYY VKK K K X K Ko)

+ Z Z ; Z Z z (KijijHKmemnKm + KananmIKMK#jKﬂ)J
| TS m n

The terms are K| sets of distinct diagonal elements (i.e., ‘K;’s) and loops of off-
diagonal elements of different sizes (i.e., KK, KjKuK, etc.). The permanent of the
matrix (i.e. equation 3.17) is a mathematical expression in symbolic form. It ensures
an estimate of the process performance. Equation (3.18) contains M! terms. Similarly
other terms of the expression are defined. The performance Index function for
characterizing modes of vibration considered in machining operation as it contains all

possible structural components of the factors and their relative importance.
3.10.4.  Quantification of Kj’s and Kj;’s:

Quantification of the K;’s and Kj;’s (i.e. the diagonal and off-diagonal elements of
permane:it matrix function is required for evaluation and comparison of overall
performance. The quality measure of the factors (ie. the Ki’s) is evaluated
'considering each K;. The performance index is a measure of the ease with which
materials can satisfactorily be machined in a given mode of vibration. The
performance function defined above ie., Eq. (3.18) is used for evaluation of the

Hybrid EDM performance index as it contains all factors and their relative
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importance. The numerical value of the performance function is called the

performance index. As the quantitative values are not available, a standard ranked
value judgment on a scale, e.g., from 1 to 9, is adopted from Table 3.2. The value of
K;and K; are evaluated with a standard or specified tests and results from literature
review which represents the performance attributes on a qualitative scale. The relative
importance between two attributes (i.e., K;) for a Hybrid EDM operation is also
assigned a value on the scale 1 to 5 and is arranged into five classes in Table 3.3. The
relative importance implies that an attribute ‘i’ is compared with another attribute */’
in terms of its relative importance. The relative importance between i, j and j, i is

distributed on the scale 1 to 5.

It is, however, desirable to choose a lower scale for K;and Kj;to obtain a manageable
value of the performance index for proposed process. The performance index for each
mode of vibration is evaluated using Equation (3.18) substituting the values of K;and
Kj;. The performance of various mode of vibration in Hybrid EDM process can be
arranged in descending or ascending order of performance index to rank them for a
mode of vibration. These are called the ranking values of the ultrasonic vibration
assisted EDM process for the three modes of vibration. The mode of vibration for

which the value of performance index is highest is the best choice for the machining

operation.

30
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0
D Mor.  E&
Obielectric 6 3 1 6 a o
WWorkpiece 1 . 7 7 a 1
QTool 2 1 6 Y] 20 3

gure 3.11 Strake diagram for the frequency of factors considered in literature for mode of vibration 1)

Tool; 2) Workpiece; 3) Dielectric medium:;
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However, the final decision depends on the factors such as design, function, cost,
availability, and technical feasibility. A compromise may have to be made to select
the mode of vibration having the highest value of performance index. To neglect the
biasing in ranking and judging the values of K;and Kj;, authors have selected values
from the retrospective literature review and as according to Equation (3.19). Authors

have drawn the stake frequency diagram in Figure 3.11 for factors under taken in

literature.

Ki'=

f"'—iif),j X 10|{Nearest integer number to value in Table 3.10} ...(3.19)

Where f; & f;are corresponding values of frequency considered for (Kj) & (K)) factors
respectively. It has been assumption that the researchers have considered the factors

as of their relative importance in proposed process performance.

Factors K, K, K K, K¢ Kg
K, [K, 8 8 6 6 97
K, 2 ¥ 5 2 3 7
_ Ky |2 5 K3z 2 2 6
A=k " |s 8 8 K, 5 of =320
K 4 7 8 5 Ks 9
Ke L1 3 3 1 1 K

The permanent of this matrix 4 in Equation (3.20), i.e., per [4], is expressed as the
HYBRID EDM a performance index function with six factors along relative
importance is shown in equation (3.20) used for presented work to compare the
performance index of under three modes of vibration assistance i.e. tool, workpiece
and the dielectric medium, and their diagonal elements are selected from the Table

3.10 below through literature review.

Table 3.10 Relative i.mportance diagonal value (K;) for tool, workpiece and dielectric

- Mode of Flushing Cavitation = Abnormal Dimensional Surface Environment
Vibration (K1) = (K2) Discharge Accuracy Morphology hazard
g ; (K3).. (K4) (KS) &Chemical
; ; ; i effect (K6)
Tool 8 2 2 5 5 1
Workpiece 9 S B 1
Dielectric 9 -~ 4 - i 9 6 1

3.10.5. Range of Hybrid EDM performance Index under three mode:

The range of performance index can be evaluated by assuming the hypothetical

extreme values of the performance matrix diagonal elements. These are the'maximum
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and minimum values of performance index. The performance index is maximum Or
minimum when all the factors are equally important or equally not important,
respectively. As the importance of each factor is calculated frequency of consideration
of that factor by the researcher as per domain of the experimentation. So it is proposed: .
here the maximum value of proposed process performance index can be obtained by
ranking 9 in equation 3.21 ie. extremely importance of all the factors, and 1 in
equation 3.22 to the entire factors extremely unimportant (as per Table 3.10). Hence,
the performance function matrix for this category may be rewritten as equation 3.21 &

3.22.

Factors K, K, Ki Ki Ks Ko and3:21)
K, (10 8 8 6 6 9
K Tz 10 5 2 3 7
[Amex] = K; |2 5 10 3 3 7
K, |4 8 7 10 6 9
K. |4 7 7 4 10 9
K, L1 3 3 1 1 10

The maximum performance index value for the given process giving all factors

extreme importance that is; per [4™“] = 1.64901 X107

Factors K, K, K3 Ky Ks Ks
Kir1

K|2

min| — KB 2
[A ]_ K44
Ks| 4
K¢l

W~ 0 Ul = 00
W~~~ = 1o
=P WO
e AR I =)
=0 O 0N

The minimum performance index value for the proposed process giving all factors

extreme unimportance that is; per [4™™] =0.188535 X 107

The value of permanent function of each mode of vibration is evaluated by a
generalized equation (3.18). The performance function matrixes for Tool, Workpiece -
and Dielectric medium have been provided in equation 3.23, 324 and 325
respectively, using generalized performance matrix function equation 6. These values

of K;are selected from Table 3.12.
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Factors K, K, K3 K, Ks K,

Kir9 8 8 6 6 9
K32 4 5 2 3 7
[ATool]=K32 5 4% 83 3 B e (3.23)
‘ K4 8 7 6 6 9
Ksl4 7 7 4 6 9
K1 3 3 1 1 2
Factors K, K; K; K, K; K,
Kif9 8 8 6 6 9
K2 15 2 3 7
[Aworkpiece]=K32 5 4 3 3 6| ... (3.24)
Kyfa 8 7 7 6 9
Ksl4 7 7 4 3 9
K1 3 3 1 1 1
FaCtOT'S K’l Kz K3 K‘l- Ks Kﬁ
Ki9 8.8 6 6 9
K;)2 6 5 2 3 7
[Anielectric]=K32 513 36 (3.25)
K4 8 7 8 6 9
K4 7 7 4 6 9
K1 3 3 11 1

A computer program in MATLAB has been developed to solve the permanent matrix -
functions. The performance index values for three mode of vibration can be raked as
in Table 3.13. Dielectric medium ultrasonic vibration is ranked as the first, Tool

ultrasonic vibration as second and workpiece Vibration as third.

Table 3.11 The performance Index values for three modes of vibrations

HYBRID .- Permanentof  Maximum Minimum
Rank- EDMmode  performance - performance performance
of vibration ~ Index [A] Index  Index
1 Workpiece ~ 4.64165 X 106 _ e
2 Tool 451851 X 106 . 16.4901 X 106 1.88535X 106 -
3 Dielectric = . 3.75519 X 106 ' _ .

3.11. Interim Conclusio_i]:

The exceptional commitment of the present work is to measure the impacts of
different attributes in the execution ultrasonic vibration in traditional EDM process.

The interdependency of the component/sub-variables signifies the importance of that

specific attribute/sub-attributes with other element/sub-elements under thought. It has

been observed in this study that, other than flushing and dimensional accuracy,
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cavitation likewise has a critical contribution. As cavitation is being viewed as
essentially, one can't disregard the cavitation part of ultrasonic vibration usage and its

repercussions.

The scientific model proposed in this paper can be utilized to add to a suitable
speculation for the execution of ultrasonic vibration in traditional EDM process in
view of the legacy and interdependency of various proposed component/sub-
variables. This would help in controlling and upgrading process of customary EDM.
Be that as it may, this methodology is to some degree new thinking in the space of
Hybrid EDM. Portions of the outcome might significant commitment of this study

are;

« The enormous numerical estimation of the performance index is 3.28647X10".
As the coefficient of variable for the Hybrid EDM is high that demonstrates the
noteworthiness of the variables considered for performance Index.

e The coefficient of variable for surface morphology and flushing is underneath
20% that show that ultrasonic vibration conferred to this proposed process clearly
enhance the flushing, surface morphology and dimensional accuracy.

e Cavitation and Abnormal discharge's coefficient of variable is high and these
attributes are less investigated by the researchers in literature, yet influence the
performance index fundamentally.

e The digraph representation shows complex interdependency of variables and sub
elements, cavitation influences every other component and corresponding
coefficient of variable for this is high it deciphers very noteworthy element in this
process. In any case, the specialized impediments restrain its appropriateness in
this process.

o The major limitation is the big numerical value of the performance index. 16.4901
X 10° may appear to be an odd figure for practical purposes, but provide a
comparison. This could be used to compare the three modes of vibration.

e This approach can further be utilized to evaluate the performance of various

hybrid processes used in Advance manufacturing technology to analyze the effects

of various qualitative/quantitative attributes.
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CHAPTER 4

ISM ANALYSIS FOR HYBRID EDM

4.1. Introduction:

A conventional EDM process would hardly be a complete solution for present
industrial metal cutting requirement. Lots of research work is going on throughout the
world to ameliorate its productivity and process stability. The stationary machining
gap between the tool electrode and the workpiece is usually replaced with
reciprocathlé motion of work pieces to regulate the fresh dielectric circulation-in the
gap. This perception is still under developing stage. The evaluation and optimization
for Hybrid-EDM performance and it’s parameters is intricate in this perception.. There
are different technical difficulties associated with execution of this process (Hoang
and Yang, 2013). The measures and attributes in Hybrid-EDM, contrast each other,
and generate uncertainty conditions and yield loads of space for further growth. Vital
conditions for accomplishing productive in Hybrid-EDM comprise in understanding
the present and forthcoming objective and attribute of the Hybrid-EDM. There is a
requirement for basic, orderly and logical scientific approach for analyzing of
different percepfions considering in EDM. To come up to such labyrinthine
difficulties of UV -implemcntation in EDM framework, the authors have proposed
Interpretive Structural Modeling (ISM) & MICMAC analysis methodologies. ISM
approach is necessary for effective and economical execution of such iﬁnovative
technological reforms. This approach is he]pful‘ to understand the-hjghesl productivity
of diverse perceptions and resources for access to preclet_enni'nelmulltiple object'ives
and attributes problem like Hybrid-EDM. Singh and Khamba, (201]") used ISM
approach for modeling the utilization barriers in Advanced Manufaétudng
Technologies (AMTs).The target of ISM and MICMAC inve;ﬁgétior; approach was
to recognize fitting determination -characterist.ics, and to adqt;ire the most suitable
blend of parameters in conjunction with the genuine metal cﬁtting requirement. An
undertaking has been fixed through this present study to fecogniz_e the nature and
thusly surveyed interdependency and heritage of different depe;ndenl and driver
variables in EDM process. The results of this work are validated further with the

execution of continuous ultrasonjg vibration in Wire-EDM in phase-IT & I11.
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4.2. Application of Interpretive Structural Modelling (ISM):

ISM strategy is an intuitive learning process and assist in ameliorate order and
direction of miscellaneous correlation among the parameters a framework. Most
often, the capability of a manufacturing process is analyzed considering a selected
driver controllable variable with the objective of optimizing dependent variables.
Contingent upon the technical and financial needs of a perception and the
manufacturing requirement, a few criteria may have essential or optional parts of the
general machining capability assessment. Nonetheless, appropriate and exhaustive
judgment for a manufacturing perception can be carried out simply by looking at all
of diver and dependent parameters concurrently. In this proposed study, an
arrangement of indirectly and straightforwardly ~parameters influencing
comprehensively the Hybrid-EDM process is organized through a fundamental
digraph model. This is a unique approach in this direction, ie., simultaneous
consideration of all the driver and dependent variables in manufacturing technology.
The ISM and MICMAC analysis facilitate in formalizing a generalized digraph
structure of complex properties. According to Attri and Grover, (2015), this
methodology is a convincing conditional approach which has already been applied
successfully in various decision making areas. This approach provides better logical
and diagrammatic visualization into the system as a whole. The mathematical
foundations of the ISM methodology can be found in various reference works.
Govindan et al., (2010) applied ISM approach for auto industry supplier development
and found that, the ISM methodology’s major limitation, prejudices of the individual
who is deciding upon the parameters. This limitation is removed by exhaustive

literature review and confirmation experimental investigation for familiarity and

_ understudies the relations among the variables.

Moreover, in ISM methodology, no weights are associated with the parameters

correlation with respect to their relative influence. A generalized systematic

streamline flow chart for the ISM strategy is depicted in Figure 4.1.

4.2.1. Identification of the various drivers:

It has been acknowledged that the performance of ultrasonic vibration to EDM
framework is an intricate endeavor. On that point are certain factors which impede the
performance of ultrasonic vibration in Hybrid-EDM process. The sixteen fundamental
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parameters for execution of perceptions of ultrasonic vibration in Hybrid-EDM have

been perceived in Table 4.1 as taking over;

Experimentation List the parameters involved in the perception of Literature/E:
Ultrasonic Vibration in Hybrid EDM (Xy « ™ i e
opin

Y

Determine contingent correlation (Xij)
between paramelers (i j)

Contingentcorrel
ation (Xij)
between i& j °

V - Parameter i_guide to attain objective j;

A — Parameter j guide to attain objectivei; y

X - Parameter i and j puide to attain cach

other; (0 — Parameters i and j are independent.

v

Develop a Structural Self-Interaction Matrix (SSIM) |
3 R h 4

If the (i, j) recorded in the SSIM is V, the (i, j) recorded in the reachability matrix is enrolled to

1 and the (j, i) recorded is enrolled to 0.
Ifthe (i, j) recorded in the SSIM is A, the (i, j) recorded in the reachability matrix is enrolled to

0 and the (j, i) necorded is enrolled to 1.
Ifthe (i, j) recorded in the SSIM is X, the (i, j) recorded in the reachability matrix is enrolled to

1 and the (j, i) recorded is enrolled to 1.
Ifthe (i, j) recorded in the SSIM is O, the (i, j) recorded in the reachability matrix is enrolled to

0and the (j, i) recorded is enrolled to 0.

Check Revise reachability

THMV. Matrix
) 4

[ Atomization of Reachability Matrix at various levels ]
v

I Development of conical form of Final Reachability |
L 2

¥ L 4
MICMAC analysis Interactive Structural Modeling
. Enumerate driver and driven coefficient of selected «  Plot vague interactive structural Model Diagraph
+  Eliminate transitivity from the Model digraph

Charaeterize sub-clements in four Domains » Replacep nodes with C o

v "
Establish relationship acknowledgement into ISM model for the parameters involved in the
perception of ultrasonic vibration in Hybrid-EDM

1. The flow chart for the ISM & MICMAC methodology

Figure 4.
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Table 4.1 Drivers of Ultrasonic vibration assisted Hybrid-EDM.

Parameters Reference

Metal Removal Rate (Chen and Lin, 2009) (Masuzawa and Heuvelman, 1983) (Prihandana ct al., 2009) (Nani,
2017) (Gao and Liu, 2003) (Egashira and Masuzawa, 1999) (Shabgard and Alenabi,
2015)

Tool Wear Rate (Prihandana et al., 2011) (Egashira & Masuzawa, 1999)(Shabgard and Alenabi, 2015)

Surface Roughness (Chen and Lin, 2009) (Masuzawa and Heuvelman, 1983) (Abdullah et al., 2009)

Thickness heat effect layer | (Kremer et al., 1991) (Abdullah and Shabgard, 2008) (Mesee et al., 2014)

Ultrasonic field forces (Kremer et al., 1989) (Liew et al., 2014) (Gao and Liv, 2003)

Suction & Exhaust of (Jujhar Singh et al., 201 1) (Ogawa et al,, 2012) (Gao and Liu, 2003)

action for fresh dielectric
Evacuation of gas bubble (Zhixin et al., 1995a) (Zhixin et al., 1995b) (Guo et al., 1997)

debris

Stirring effect (Hoang and Yang, 2013) (Liew et al., 2014)

Amplitude of vibration (Kremer et al., 1989) (Murti and Philip, 1987)

Acoustic Pressure (Kremer et al., 1989) (Gao and Liu, 2003) (Ogawa et al., 2012) |
Arcing & short circuil (Ghoreishi and Atkinson, 2002) (Lin et al., 2001) (Shabgard et al.,,2011)
Debris concentration (Nishiwaki et al., 2008) (Yu, etal., 2009)

Discharge wave (Iwai etal., 2013) (Lin et al., 2000) (Guo et al., 1995)

distribution

Micro-cracks and pin-holes | (Khosrozadeh and Shabgard, 2017) (Jujhar Singh et al,, 2011)

Residual compressive (Kremer et al., 1989) (Guo et al., 1997) (Khosrozadeh and Shabgard, 2017)
siress

Micro-Hardness (Shabgard et al., 2011) (Jujhar Singh etal., 2011)

4.2.2. Development of Structural Self-Interaction Matrix (SSIM):

In view of the relevant relationship between distinguished affecting parameters, a
Structural Self-Interaction Matrix (SSIM) was created in Table 4.2. This matrix shows
the combine shrewd connections among the driver parameters influencing the

implementation of ultrasonic vibration for the conventional EDM under thought.

Table 4.2.Structural self-interaction matrix for the Hybrid-EDM drivers.
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4.2.3. Reachability Matrix:

The rudimentary reachability matrix is produced from the structural self-

communication framework (SSIM) produced in the preceding paragraph utilizing to
generalize systematic streamline flow chart for the ISM strategy from Figure 4.1. The

ultimate reachability matrix in Table 4.4 is driven from the rudimentary reachability

grid from Table 4.3 considering the transitivity control, which expresses that-if a
variable 'A' is correlated with 'B' and 'B' is correlated with 'C', at that point 'A" is surly
correlated with 'C'

Table 4.3.Rudimentary reachability matrix for the variables.

S. "

No Variables 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16

1. Metal Removal Rate 111 100O0O0OCO0OO0O 1 1 O 1 1 1

2. Tool Wear Rate 1111100001 1 1 1 0 0 O

3. Surface Roughness 101 00O0OO0OCO0OCO0OCO0OD O O0CO O O O
Thickness ofheat

4, atfhctod Zos 001 100000O0OTO0OCUO0OO0O O 1 1

5. Ultrasonic Field forces 1110111 10T©T O 1 0 0 0 O
Suction & Exhaust

6. action of fresh dielectric 1 01 1011100 1 1 1 1 1 1
Evacuation of gas

T bubble debris 1 011 001000 1 1 4 1 1 1

8. Stirring affect 1 011001100 1 1 1 1 1 1

9. Amplitudeof Vibration 1 0 1 0 0 1 1 1 1 1 O O 1 0 O O

10.  Acoustic pressure 1111011101 01 1 0 0 O

11.  Arcing & short circuit 1 1 1 1 0 0606 0 0 O0O0 1 1 0 1 1 1

12.  Debris concentration 011 00O0O0O0O0OO0OO0 1 1 1 1 0 0
Discharge wave

13. Distribution 11110000O0O0OT1 0 1 1 1 1

14. Micro-cracks & Pin- 0010000000 0 0 0 1 0 0
holes

15. Residual compressive 00 0 1 0 0 1 1
stress

16. Micro-Hardness 0 0 0 1 0 1 0 1

Table 4.4 Ultimate reachability matrix for the variables.
; Driver

Variables 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 -

1 1 11 1 10 0O0O0OT1 1 1 1 1 1 1 12

2 1 11 1 1 111o01 1 1 1 1 1 1 15

3 1 o 1 1 1 00O0OOT1T 1 1 1 1 1 1 11

4 1 o 1 1 0O0OOOOO OO 1 1 1 6

5 1 1 1 1 1 11 1 01 1 1 1 1 1 1 15

6 1 1.1 1 011100 1 1 1 1 1 1 13

7 1 1.1 1 0o0010O0OOF'1 1 1 1 1 1 11

8 1 1 1 1 0 01 1 00 1 1 1 1 1 1 12

9 1 1 1 1 o 1 11 11 1 1 1 | 1 1 15

10 | 1 1 1 I 1 1 1 o 1 | 1 1 1 1 1 15

11 | ] 1 | 1 0 0 0 0 1 | 1 1 1 1 1 12

(=3}
~J



12 1 1. 1 1 1000071 1 1 1 1 1 1 12
13 1 1.1 1 1000071 1 1 1 1 1 1 12
14 1 o 1 0 0o 0OOOO O O O 1 0 O 3
15 o0 1 1 00O0O0OOOCTOTIOTO 1 1 1 5
16 o 0 1 1 000O0O0OO0OTO0O O O 1 1 1 5
Dependence 14 11 16 15 8 5 7 7 1 9 12 12 12 1 15 15
_power )

4.2.4. Atomization of Level:

The ultimate reachability matrix acquired in paragraph 4.2.3 was atomized into

various stratums. The reachability and precursor group of all driver were established

from the ultimate reachability matrix of Table 4.4. The reachability group formation

for a distinctive driver comprises of self and other equivalent drivers which it might

assist to fulfill. The Precursor group formation comprises of usual drivers and other

equivalent drivers which it's supposed to accomplish. The convergence of both these

groups was additionally inferred for all drivers is thought to be in level I and is given

the best placement in the ISM chain of importance. With this atomization, cycle

Repetition 1 in Table 4.5 is accomplished.

Table 4.5 Cycle Repetition -1; atomization of level for drivers

Reach ability group Precursor group Intersection Level

1 1,2,3,4,5,10,11,12,13,14,15,16 1,2,3,4,5,6,7,8,9,10,11,12,13, 1,2,4,5,10,11,12,13,14

i -
2 1,2,3,4,5.6,7,8,10,1 1,12,13,14,15,16 1,2,5,6,7,8,9,10,11,12,13 1,2,5,6,7,8,10,11,12,13
3 1,3,4,5,10,11,12,13,14,15,16 1,2,3,4,5,6,7,89,10,11,12,13, 1,3,4,5,10,11,12,13 I
: 14,15,16 14,15,16
4 1,3,4,14,15,16 1,2,3,4,5,6,7,8,9,10,11, 1,3,4,15,16

: o 12,13,15,16
S 1,2,3,4,5,6,7,8,10,11,12,13,14,15,16 1,2,3,5,10,11,12,13 1,2,3,5,10,11,12,13
6. 1,2,3,4,6.7,8,11,12,13,14,15,16 2,5,6,9,10 2,6
7. 1,2,3,4,7,11,12,13,14,15,16 2,5,6,7,8,9,10 2,7
8. 1,2,3,4,7,8,11,12,13,14,15,16 2,5,6,8,9,10 2.8
9. 1.2,3,4,6,7,8,9,10,11,12,13,14,15,16 9 _ 9
10. 1,2,3,4,5,6,7,8,10,11,12,13,14,15,16 1,2,3,5,9,10,11,12,13 1,2,3,5,10,11,12,13
11. 1,2,3,4,5,10,1 1,12,13,14,15,16 1,2,_3,5,6,7,8.9,'10,11,12,13 - 1,2,3,5,10,11,12,13
2. 123,4,510,11,12,13,14,15,16 123,567.89,1011,12,13  1,23,510,11,12,13
13, 1,2,3,4,510,11,12,13,14,15,16 123,567,89,10,11,12,13  1,2,3,5,10,11,12,13
g B3 : - 1,2,3,45,6,7,89,10, 13,14 I

i < °11,12,13,14,15,16 - ;
s 3,4,14,15,16 1,2,3,4,5,6,7,8,9,10, 3.4,15,16

g - 11,12,13,15,16 S _
16 3,4,14,15,16 - 1,2,3,4,5,6,7,8,9,10, 3,4,15,16

11,12,13,15,16

Table 4,6 CycleRepetition-2; atomization of level for drivers
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Level

Reach ability group Precursor group Intersection
1. 1,24,510,11,12,13,15,16 124,56,7,8.9,10,11,12,13  1,2,4,510,11,12,13
2. 1,2,4,56,7,8,10,11,12,13,14,15,16 1,2,5,6,7,8,9,10,11,12,13 1,2,5,6,7,8,10,11,12,13
4, 141516 1,2,4,5,6,7,8,9,10,11,12,13,1  1,4,15,16 Il
5,16
5. 1,2,4,5,6,7,8,10, 1,2,5,10,11,12,13 1,2,5,10,11,12,13
11,12,13,15,16
6. 1,24,678,11,12,13,15,16 2,5,6,9,10 2,6
7. 1,2,4,7,11,12,13,15,16 2,5,6,7,8,9,10 27
8. 1,24,78,11,12,13,15,16 2,5,6,8,9,10 2,8
1,2,4,6,7,8,9,10 9 9
9, .
11,12,13,15,16
10.  1,2,4,5,6,7,8,10,11,12,13,15,16 1,2,5,9,10,11,12,13 1,2,5,10,11,12,13
1. 1,2,4,5,10,11,12,13,15,16 1,2,3,5,6,7,8,9,10,11,12,13 1,2,5,10,11,12,13
12. 1,2,4,5,10,11,12,13,15,16 1,2,3,5,6,7,8,9,10,11,12,13 1,2,5,10,11,12,13
13. 1,24,5,10,11,12,13,15,16 1,2,3,5,6,7,8,9,10,11,12,13 1.2.5,10,11,12,13
15. H1516 1,24,5,6,7,8,9,10,11,12,13,1  4,15,16 I
5,16
16. 13,16 1,24,56,7,8,9,10,11,12,13,1  4,15,16 I
5,16
Table 4.7 CycleRepetition-3; atomization of level for drivers
Reach ability group Precursor group Intersection Level
. 1,2,5,10,11,12,13, 1,2,5,6,7,8,9,10,11,12,13 1,2,5,10,11,12,13 I
2. 1,2,5,6,7,8,10,11,12,13 1,2,5,6,7,8,9,10,11,12,13 1,2,5,6,7,8,10,11,12,13 III
5 1,2,5,6,7,8,10, 1,2,5,10,11,12,13 - 1,2,5,10,11,12,13
* 1L1213
6.  1,2,6,7,8,11,12,13 2,5,6,9,10 2,6
7. 1,27,11,12,13 2,5,6,7,8,9,10 2,7
8. 1,2,7,8,11,12,13 2,5,6,8,9,10 2,8
9.  1,2,6,7,89,10,11,12,13 9 9
10.  1,2,5,6,7,8,10,11,12,13 1,2,5,9,10,11,12,13 1,2,5,10,11,12,13
11, - 13.,510,11.12.13 1,2,3,5,6,7,8,9,10,11,12,13 1,2,5,10,11,12,13 I
12, 1,2510,11,12.13 1,2,3,5,6,7,89,10,11,12,13  1,2,5,10,11,12,13 I
13.  1,2,5,10,11,12,13 1,2,3,5,6,7,8,9,10,11,12,13 1,2,5,10,11,12,13 100
Table 4.8 CycleRepetition-4; atomization of level for drivers.
Reach ability group Precursor group Intersection Level
5. 567810 5,10 5,10
6. 6,78 5,6,9,10 6
7.. 9 . 2,5,6,7,8,9,10 7 v
8 78 5,6,8,9,10 8
9. 6,789,110 9 9
10.  5,6,7,8,10 5,9,10 5,10
Table 4.9 CycleRepetition-5; atomization of level for drivers,
Reach ability group Precursor group Intersection Level
5. 5,6,8,10 5,10 5,10
6. 68 5,6,9,10 6
8. 8 5,6,8,9,10 8 v
9. 689,10 9 9
10.  5,6,8,10 3.9,10 5,10
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Table 4.10 CycleRepetition-6; atomization of level for drivers.

Reach ability group Precursor group Intersection Level
5. 56,10 5,10 5,10
6. 4G 569,10 6 vi
9, 6,9,10 9 9
10. 56,10 59,10 P 5,10
Table 4.11 CycleRepetition-7; atomization of level for drivers.
Reach ability group Precursor group Intersection Level
5. 510 5.10 5,10 . VI
9. 9,10 9 9
10. 5,10 59,10 5,10 vi
Table 4.12 CycleRepetition-8; atomization of level for drivers.
Reach ability group Precursor group Intersection Level
9. 9 9 9 Vi

Later on the primary cyclic redundancy, the drivers incorporated into layer-I are
deserted from whatever is entrusted of the drivers, this method is proceeded in Table
(4.5-4.12).These cyclic redundancies are preceded until the period of every attribute is

a established in the hierarchy.

4.3. Formation of ISM model:

Table 4.5 infers that the surface roughness and micro-cracks & pinholes drivers are

situated at level I and frame the topmost stratum in the ISM ﬁrogression of Hybrid- -
EDM performance. With the assistance of the level atomization appeared' in Tables

4.5-4.12, an ISM model of the different drivers critical for pqrceptiohs in ultrasonic

vibration assisted Hybrid-EDM was produced, and appeared in Figure 4.2.The

thickness of heat affected zone, residual stresses and Micro-hardness drivers are

situated at stratum II; the discharge wave _distr‘ibution, Debris concentration, arcing.

and short circuit, MRR and TWR five perceptions are put at stratum III; the
evacuation of gas bubble debris, Stirring effect and suction and exhaust action of fresh
dielectric medium perceptions are grouped at level IV, V and VI exc.lil.s;i.\.!cly; and the
ultrasonic field force and acoustic pressure parameters fall in at stratum VI; and

amplitude of vibration compel in bottom stratum VIIL.
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The cycle reiteration is finished in eight stages, Tables 4.5-4.12 represents all the
repetitions starting form elementary to final stratum of each parameter perceptions.
This model indicates the dependency of various parameters selected for the
implementation of ultrasonic vibration perception in traditional EDM. Kumar et al.,
(2016) proposed a Graph theory model to explain the perception of UV in EDM. They
classified the parameters affecting the performance of Hybrid-EDM in five groups.
These were flushing, cavitation, abnormal discharge, dimensional accuracy and
surface morphology. In this study to gain the confidence in proposed ISM Model, all

parameters could further be grouped in four major perceptions.
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Fi gl;rc 4.2 ISM hicrarchy_mode] for th.c paceptidna-ll drivers affecting the Hybrid EDM

These four groups are related to Flushing, Discharge, Ultrasonic vibration and
surface Morphology: In other words, Ultrasonic vibration improves flushing, Flushing

cause enhancement of in normal discharge, and normal results in better surface

morphology of machined surface.
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4.4. MICMAC analysis for affecting and reliance coefficient:

The MICMAC analysis is also known as Cross-Impact Matrix Multiplication
method. The objective of this analysis is to identify relevance of the objective and

parameters selected in perception of UV that are obta ined from literature review.

A causal relationship is built among these objective and parameters, and then finding
of key parameters affecting the whole system. This approach is quite useful to execute
a particular perception in manufacturing system like EDM, where a complex
relationship exists between objective and the parameters. An Applied cross impact
matrix multiplication is generated to assign sector, and the base is multiplication
properties of matrices. The outcome of MICMAC analysis is the quantitative value
assigned to parameters in term of affecting coefficient and reliance coefficient of
(Attari & Grover, 2015). The parameters consider in this study is categorized into four
sectors in as Figure 4.3.The sector-I contain autonomous variables that have low
affecting coefficient and low reliance coefficient of parameters. These variables are
relatively inert in nature from a system and having only little inter-relationship that
could be strong enough. Sector-II accommodates dependent variables that have low
affecting coefficient and high reliance coefficient -of parameters. Sector-III includes
the parameters that have high affecting coefficient and low reliance which are unequal
and any activity on these parameters will have an effect to others. Sector IV includes

the independent parameters and having high affecting coefficient and high reliance

coefficient of parameters.
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Figure 4.3 Affecting coefficient and Reliance coefficient diagram.

Quantitative values of affecting coefficient and reliance coefficient is the blueprint
of binary numeral 'ls' in their individual line and segment for each parameter, in a
definitive reachability matrix as appeared in Table 4.4. Consequently, the affecting
coefficient and reliance coefficient diagram is constructed which is shown in Figure
43, where variable 1 is having a affecting coefficient of ‘12’ and a reliance
coefficient of ‘14°. Therefore, it is placed at a position corresponding to a affecting

coefficient of 12° and a reliance coefficient of © 1_4’ and so on.

4.5. Interim Conc’lusion:

Due to the complexity of Hybrid-EDM prbcess variables the drivers involved in the
implementation of ultrasonic wbratlon in conventional EDM process under study pose
considerable cha]lenges for the researchers. Researchers must be aware of the relative
lmportance of the vanous drivers and techmques for. nnplementmg them. ISM model

developed here in. this study highhght the 16 types of drivers and the interactions

between these dnvers. These variables can ﬁu.“thcr be grouped’ into four categories

using MICMAC analysis

Group-I: Ultrasonic Vibration (Ultrasonic field force and Acoustic Pressure)

Group-II: Flushing (Pumping action, Stirring effect and Debris and gas

L J
bubble debris evacuation)
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e Group-III: Normal Discharge (Discharge wave Distribution, Debris
concentration and Arching & short circuit)

e Group IV: Surface Morphology (surface Roughness, Thickness of recast
layer & heat effected zone, Micro-hardness, Size of Micro- cracks & holes

and Residual stresses)

In Figure 4.2, it is evident that ultrasonic field force and acoustic pressure are
significant drivers to achieve the flushing of contaminated dielectric medium by
pumping and stirring action which ultimately enhance evacuation of debris and gas
bubbles form due to erosion, which is in tern critical to achieving the Ultrasonic

vibration in conventional EDM.

From the MICMAC analysis, there is no such driver that has weak dependence and
weak driving power as no drivers is mapped in sector L. Next, the Group IV variables
(Surface Morphology) i.e. surface Roughness, Thickness of recast layer & heat
affected zone, Micro-hardness, Size of Micro- cracks & holes and Residual stresses
drivers are found to have weak driving power and strong dependence power so it
maps to sector II of Figure 4.3. The drivers such as discharge wave distribution,
Debris concentration, Arching & short circuit MRR, TWR and acoustic pressure are -
found to have strong driving power and strong dependence power so they map to

sector III of Figure 4.3.

These drivers are unstable due to the fact that any change occurring to them will
affect other drivers and may themselves be affected through a feedback mechanism.
Lastly, Pumping action, Stirring effect and Debris, Gas bubble debris evacuation and
Ultrasonic field force drivers posses strong driving power and weak dependence
power so they map to sector IV of Figure 4.3.  The scientific model propo sed in this
paper can be utilized to add to a suitable speculation for the execution of ultrasonic
vibration in conventional EDM process in view of the legacy and interdependency of
various proposed variables. This would control of process gather and the upgrades

required in customary Hybrid-EDM process.

The majority of the scientists in literature affirm this through their experimentation
as 84% analyst considered flushing of sullied dielectric liquid and 40% surface

morphology to improve the execution of convention EDM process. Normal
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discharges condition (23%) driver variables are less investigated by the scientist in
literature likewise, yet influence the Hybrid-EDM execution fundamentally. The ISM
model representation shows complex interdependency of variables. Flushing
influences every other component and it is the major criteria for implementing
ultrasonic vibration in conventional EDM, very noteworthy element in Hybrid-EDM
system. This approach is new thinking in the domain of Hybrid-EDM. As no new

work is perfect, the present work is also asso ciated with some limitations.

75



CHAPTER 6
D -
ESIGN AND FABRICATION OF EXPERIMENTAL SETUP

Ult i : ; '
X ;asomc vibration assisted Hybrid Wire-EDM (Hybrid-WEDM) system is used
as hybrid ini ——
y : machining process in this study for better circulation of dielectric and the
rem - :
oval of machine debris Therefore, an appropriate frame and housing was

designed
gued that were necessary to accommodate the system and proper functioning of
the experimental setup. '

Figure 6.1. Developed set up design for Ultrasonic vibration assisted Hybrid-WEDM (Kumar et al.
2018) :

The experimental set up and its important element for this study developed for this

research work has been described in Figure 6.1.

6.1. Basic Principle:

In this experimental set-up, Ultrasonic waves were transferred Indirect to the:-
workpiece instead of wire. The high amplitude vibration is necessary to develép a
large pressure gradient to obtain the maximum flushing effe-ct;' Ultrasonic | w'aﬁe
applied to the workpiece through the proposed cantilever arrangement caused a strong |
drift to gas bubbles and debris by a spatial gradient as shown in Figure 6.2. (a-b). This
mechanism not only charged the gap with a fresh dielectric with but also allowed
cooling of the machined surface. This cantilever arrangement provided comparatively

high acceleration to debris and gas bubble to evacuate than that of the ultrasonic wave
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transferred perpendicular to the machined surface due to a cyclic spatial variation and

pressure gradient in upper and lower half of the workpiece.

(@) (b)

Figure 6.2. Model for debris and cavitation bubbles removal through gap for Hybrid-WEDM :(a)
workpiece upward motion due to cantilever motion and (b) workpiece downward motion due to

cantilever motion
6.2. Ultrasonic System:

The proposed ultrasonic system incorporates a ultrasonic generator, piezo-electric
transducer and horn to operate at a design frequency of 21.5 kHz. In previous studies,
the pumping and hammiering action of ultrasonic wire vibration facilitate the debris

and the gaseous particles to expel from machining zone (Guo et al., 1997).

Figure 6.3. Schematic diagram of expérimmta] setup for ultrasonic vibration of work piece in Wire-
' EDM.

The reciprocating movement of wire electrode creates acoustic pressure difference.
This pressure gradient generates a shock wave propagates throughout the discharge
gap. This same effect may be obtained if the ultrasonic vibration introduced to the

work piece in place of the wire electrode. Ultrasonic work piece vibration will help in

105



expelling debris and molten metal from the machined surface and machining corridor
due to the inertial forces set. The Schematic diagram of experimental setup for

ultrasonic vibration of work piece in Wire-EDM is shown in Figure 6.3.

Ultrasonic pulse generator with the piezoelectric transducers assembly is used to
create vibration. A suitable frame and housing were designed, which were important
to oblige the framework and appropriate working of the setup to stay away from the

resonance. The following are the major components of the ultrasonic system.

» Ultrasonic Generator & Piezo-electric transducer
» Continuous and discontinuous Control system.

> Cantilever plate with holding fixture.

6.2.1. Ultrasonic Generator and Piezo-electric transducer:
a

High performance ultrasonic transducer with 21.5 kHz settled frequency and 120W
Ultrasonic PCB was utilized to develop an ultrasonic mechanical vibration generator.
A suitable horn was designed, which were important to oblige the resonance. The
resonance with the ultrasonic vibration device was the basic issue; it turned out to be
more urgent when bestowed to workpiece in the traditional EDM systcni (Kumar et
al., 2017a). These resonances developed clamors and oppose the fruitful execution of
ultrasonic vibration in ultrasonic vibration assisted EDM system. Piezoelectric
transducer is made of both positive and negative components that adjust themselves
within the sight of an electric field. This property makes them really change
measurements. At the point when a substituting electric field is connected to the
transducer, the material vibrates forward and backward and produces a ultrasonic
vibration. Piezoelectric materials are the establishment of ultrasonic sensors.
Piezoelectric transducers were earlier made of piezoelectric gems, however are now a

day made of ceramic. They deliver a wavelength that is double the measure of the

component's thickness.
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(a) (b)
Figure 6.4. a) 21.5 kHz frequency transducer and; b) 120W Ultrasonic PCB
Because of this, elements are cut to be % the size of the desired wavelength. This
also means that thinner elements produce higher frequencies. The piezoelectric
transducer is chosen which can operate at 21.5 kHz. Fig. 6.4 shows the (a) piezo-

electric transducer and (b) circuit plate which are parts of ultrasonic system.

6.2.2. Continuous and discontinuous Control system:

A self designed ultrasonic control system is used to control the type of ultrasonic

vibration (i.e. continuous and discontinuous) as shown in Figure 6.5.

Figure 6.5. Continuous.and discontinuous vibration mode On/Off

Further 'Figurc 6.6 shows the principle .of ultrasonic piezo-electric transducer in
which continuous and’ discontinuous ultl_'asonic-vibrations' are provided through the

control of oscillator. The “Knob” is provided to change the mode of vibration.

The continuous. vibrations are attained in dcfault.case, as and when discontinuous
vibration is needed the selector will control the same through relay. In case of
discontinuous vibrations, the high frequency electrical impulse from the generator to
the transducer is discontinuous. Interval times are adjusted in terms of make and break

frequency of the relay which is adjustable by electronic circuit with the gap of micro
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half second. However the frequency of energizing the ultrasonic transducer has to be

maintained at 21.5 kHz, being the resonant frequency of the transducer.

This frequency remains same in both the modes. The frequency of discontinuity was

achieved with customizable by an electronic circuit after trials.

AMPLITUDE
CONTROL AND
AMPUFIER

Figure 6.6 Circuit diagram for Continuous and discontinuous vibration mode

However the frequency of the ultrasonic transducer must be kept up at 21. 5 KHz,
remained same in both of the modes.

/47 : v

Figure.6.7 Cutting edge of ultrasonic vibration actuator as a cantilever beam.

This frequency is being measure with the help of high frequency oscillo scope.

6.2.3. Cantilever plate with holding fixture:

A steel strip was used to transfer the varying amplitude simply by changing the
holding position of the work piece.The one end of steel strip was fixed to machine

table and the other end was provided with a holding fixture for the work piece. The

108



programming for machining was done with the reference to the world coordinate
system of CNC Wire-EDM machine tool. Also, dielectric fluid was flushed to the
machining gap through nozzle jet from top and bottom. Each set of experiments were

performed at room temperature in a narrow.temperature range (32 = .o 1 8

U V action

Figure 6.8 Varying amplitude with Cutting Edge Ultrasonic vibration as a cantilever beam

The vibratory homn is placed 31.11mm from the fixed end and cutting tip is 70mm

from the fixed end. The output amplitude of Ultrasonic vibration of steel strip beam at

point ‘D’ is 8um fixed.
Using triangular rule

AEDDZAEAA,

di, =2 pp
1 ED . 1
S No. Amplitude(pm) " | Horizontal length(mm)
1 AA=18pm ~ [EAS31L.11
2 BB,=14 pm . | EB=50.00
3 ~fcC=1opm | EC=56.00-
l_ 2 ° 2 .

6.3. Wire Electric Discharge Machine Tool :

The experiments were carried out on a wire-cut EDM machine (ELEKTRA

SPRINTCUT 734) of Electronica Machine Tools Ltd. installed at CNC Laboratory of
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Mechanical Department, J C Bose UST, YMCA Faridabad Haryana. The Wire- EDM
machine tool shown jin Figure 6.9 has the following specifications. The Figure 6.10

(a) and (b) shows Display Screen and Emergency Power off Button and Wire Feed
Spool respectively,

1. Pulseon Time:

The pulse on time is eludeq s Ton and it speaks to the span of time in miniaturized

micro seconds, us, for which the

the voltage, Vp

current is streaming in each cycle. Amid this time
» 1S connected over the terminals. The T,, setting time extend
accessible on the machine apparatus is 100-131 which is connected in ventures of 1
unit. The single pulse rate release vitality increments with expanding T,, period,
_ bringing about higher cutting rate. With higher estimations of Ton, be that as it may,

surface roughness has a tendency to be higher. The higher estimation of release
vitality may likewise cause wire breakage.

Table 6.1 Wire- EDM machine tool specifications.

Design Fixed Column, Moving Table
Maximum workin g current ; 50 Ampere
| Input Mains Voltage : _ 415V+10%, 3 phase, 50 Hz.
| Open Gap Voltage : 1-300 V
Pulse-on Time g I to 2000 ps
Duty factor : 1-100
Fluid pressure s 0.1-2.1 Kg/em® ]
Pulse frequency : 0.07 to 300 KHz
Maximum stock removal (Cu-Steel) : 300 (cu.mm/min.)
Best surface finish : 0.5 micron CLA
Electrode wear : : 0.3 % to 20%.
Power Factor : Approx. 0.9 lag
Power Consumption v . Approx. 7.5 KVA
Weight : Approx. 300 Kg
Pulse Generator : : MOSFET Type
Height : 1320 mm
" Width : : 725mm
Depth 2 : 450 mm
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Cutting Parameter Display
.

Figure 6.10 (b) Display Screen and Emergency Figure 6.10 (a) Wire Feed'SP";ol

Power off Button.
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2.  Pulse off Time:

The pulse off time is eluded as Tor and it speaks to the span of time in micro

seconds, us, between the two concurrent flashes. The voltage is truant amid this piece

of the cycle. The -Ton-setting time run accessible on the machine instrument is 00 - 63

which is connected in ventures of 1 unit. With a lower estimation of Torr, there is more
number of releases in a given time, bringing about increment in the discharging
efficiency. Therefore, the cutting rate likewise increments. Utilizing low estimations
of Tosr period, be that as it may, may cause wire breakage which thus decreases the
cutting effectiveness. As and when the discharge condition ends up insecure, one can

build the Toy time frame. This will permit bring down pulse duty factor and will

decrease the average gap current. *

X Peak Current:

The peak current is represented by IP and it is the maximum value of the current

passing through the electrodes for the given pulse.

4. Spark Gap Set Voltage:

The spark gap set voltage is a reference voltage for the actual gap between the work
piece and the wire used for cutting. The SV voltage range available on the present

machine is 00 - 99 volt and is applied in steps of 1volt.
5.  Wire Feed:

Wire fced is the rate at Whif;h tﬁe 'wire-. electrodé goes along the wire direct way and
s encouraged persistently to spark. The wire feed go accessible 'oﬁ the present Wire-
EDM machirne is I- 15 m/min in ventures.of. Im/min. It is c_onstan-tl}-(_attractive: to set
the wire feed t6 ‘most extreme. This \ifii[ bring about Iess vv_iré breakage, better

méi:hining security and marginally all the more cutting rate.
6.  Wire Tension:

Wire tension decides the extended of wire starched amongst upper and lower wire

guides. This is a gram-proportionate load with which the consistently sustained wire
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is kept under tension so it stays straight between the wire guides. Progressively the
thickness of employment more is the tension required. Uncalled for setting of tension

may bring about the activity errors and also wire breakage.
7. Pulse Peak Voltage:

Pulse peak voltage setting is for selection of open gap voltage. Increase in the VP
value will increase the pulse discharge energy which in turn can improve the cutting

rate.
8.  Flushing Pressure:

Flushing Pressure is for selection of flushing input pressure of the dielectric. High
input pressure of water dielectric is necessary for cutting with higher values of pulse
power and also while cutting the work piece of more thickness. Low input pressure is

used for thin work piece and in trim cuts.

9, Servo Feed:

Servo feed setting decides the servo speed; the servo speed, at the set value of SF,

can vary in proportion with the gap voltage (normal feed mode) or can be held

constant while machining (with constant feed mode).

The ranges of process parameters for the experiments will be decided on the basis of

literature survey and the pilot experiments using one factor at a time approach

(OFAT).

113



CHAPTER 7

PROCESS PARAMETER SELECTION AND
EXPERIMENTATION

In order to identify the process parameters that may affect the machining
characteristics of Ultrasonic vibration assisted wire-EDM an Ishikawa cause and
effect diagram was constrycted and shown in Figure 7.1. The input process
parameters and output characteristics selected based on this cause and effect diagram

for the present work.

7.1.  Selection-of process parameters and their Range:

In order to obtain high material removal rate, low surface roughness and better
quality of surface morphology produced by Ultrasonic vibration assisted Hybrid

Wire-EDM process; the working range of the various parameters was determined.

Based on the critical review of literature, process variables of the Hybrid Wire-EDM

were grouped in the following eight categories:

. Machining Condition

0 Electrical Parameters

e  Material parameters

o Wire Electrode Parameters

e Ultrasonic vibration parameters
» Mode of Vibration

. Additional Assistance

e  Dielectric Parameters

All the above processes parameters affect material ren_iox)al and' surface integrity
produced by normal EDM process. The cause and effect diagram so developed

illustrated the possible effect of the various process parameters on the material

removal and surface integrity.
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Figure 7.1 Ishikawa cause and effect diagram for Hybrid Wire-EDM

Out of these four parameters selected for this study. Those were ultrasonic vibration,

Electrical, wire electrode and workpiece parameters considered for this study.
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Cutting Rate

Figure 7.2: Comparison of cutting rate (mm/min) in Normal Wire-EDM, continuous and discontinuous
vibration assisted EDM for high Carbon high Chromium Steel (Peak current 120A, Servo voltage
1150, pulse-on time 120ys and duty cycle 62 %)

7.1.1. Type of Vibration:

The ultrasonic vibration assisted Wire-EDM has high cutting rate when it was
compared with conventional Wire-EDM (having no vibration); this was proven by the

pilot study of high Carbon high Chromium steel as shown in Figure 7.2.

Further pilot study showed that discontinuous vibration had significant effect as
compared to continuous vibrations. The effect of type of vibration on high Carbon
"high Chromium Steel for MRR is shown in Fig. 7.3. A possible explanation for the
differences in the Wire-EDM and vibration assisted Wire-EDM was that mechanical
ultrasonic vibration. If work piece made the gap vary very rapidly, a high freqliency '
alternate pressure variation is generated [Guo et al. (1997)]. Guo et al. (1997)
endeavoured the wire vibration along and normal to the cutting direction and’
vindicated 30% increment in. cutting rate as well as diminishment in surface
roughness. Hoang and Yang, (2013) transferred ultrasonic vibration to work piece.
The recognized that the ultrasonic vibration of workpiece brought some 1.5 times
higher machining rate compared to that of wire vibration in Wire-EDM. They
acquired cutting rate 2.5 times to that of the normal wire-EDM process and at the

same time increase the wire cutting accuracy with minimum kerf width.
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7.1.2. Amplitude of vibration and Peak current for cutting rate:

The cutting rate of Hybrid wire-EDM is proportional to the discharge frequency
during machining. The amplitude of vibration increases the acoustic pressure and that

results in high ultrasonic field force.

MRR (mm?/min)
(38 ]

e 20pm amplitude
=g No-vibration
emii== | Opm amplitude

0.5 1 g | Spm amplitude

100 130 160 190 220
Peak Current (Amp)

Figure 7.3 Graphical presentation of Cutting rate variation vs. peak current

The acoustic pressure developed due to the acoustic discharge gap between the wire
and workpiece caused by vibration of workpiece. The ultrasonic field force imparted
the acceleration to the debris and gas bubbles, the intensity of acceleration
proportlonal to the ultrasonic field force. This ultrasonic field force guides the debris
and gas bubble exhaust and suction of the fresh dielectric medium. This proposed
- experiment sct-up ensurecl the alternating gap variation that forced the debris and

gulded to ‘mixing properly, which enhanced the evacuation of debris and gas bubble.

: h}s same sequence has been proposed in the ISM hierarchical model in Figure 4.3
| (Chapter 4). The ultrasonic vibration of work piece increased the number of effective
3 (-Iischarg'e,- The graphical representation of results for cutting rate vs. peak current at
different amplitude i's.s_hbwn in Figure 7.3 along the No-vibration. Peak current value
varies in the range of 100-220 ampere in a regular interval of 30 ampere. Under No-
vibration condition the pattern of the curve is linear profile. It was observed that, a

high value of peak current resulted in frequent wire breakage, although high cutting
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rate was obtained. That was due to the high peak current produced larger discharge
energy. But high cutting rate stimulation the debris concentration within the discharge
gap, and resulted in secondary discharges. The secondary discharge did not allow the
cutting speed to increase further with peak current, in fact, that reduced the cutting
speed as shown Figure 7.3. The amplitude of vibration increased the cutting rate of
Wire-EDM. The profile of the cutting rate curve at various amplitudes of vibration is
bell shaped, but the peak of curve various with amplitude of vibration. The amplitude
of vibration provided the flexibility to widen the range of peak current to work with.
Higher cutting speed rate was obtained range of 14-16 pm amplitude of vibration.
The acoustic pressure increased with the amplitude of vibration. Large ampllitude of
vibration and low suction lead to cavitation bubbles, and a small amplitude and high
suction lead to fragmentation of large pieces debris. This phenomenal increased the
gas bubble and debris concentration in gap and reduced the cutting rate at high
amplitude ot_‘ vibration. High amplitude of vibration also provoked the arcing and

short circuit, it was observed that due the increase in frequency of wire breakage.

Han et al. (2013) studied the effect of workpiece as a horn ultrasonic vibration in

wire EDM, and discussed the effect of workpiece vibration on kerf width, machining

rate and surface finish. They observed 10%
with that. In an exclusive work carried out

improvement in machining rate, but

ironically surface roughness also increased
by Nani V. M., (2017), concluded that wire vibration increase the intensity of

dielectric liquid breakdown. The hammering action caused by an ultrasonic field to
that debris helped in improving the surface finish. The outcomes built up in this pilot
run that better machining yield for ultrasonic vibration could be obtained in traditional

Wire-EDM by work piece as compare to wire.

7.1.3. Amplitude of vibration and Peak current for Surface morphology:

The surface roughness, Micro-hole & micro crack variables have the highest

dependent coefficient. The residual stresses,

hardness developed for surface come in second leve

heat affected zone and the micro-
L. In this study, residual stress

measured to confirm the proposed ISM model. The High amplitude of vibration

ed vast pressure difference between the wire anode and the work piece. This

¢ in discharge gap.
gas bubbles but

caus

pressure gradient prompts a pumping and mixing of dielectri

plitude of vibration improved the flushing of debris and
118
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at higher amplitude of this vibration decline surface morphology as; the pace of debris
evacuation lingers behind the debris aggregation. It could be observed from an ISM
model that there existed a significant connection between surface morphology,
amplitude of vibration and peak current. The discharge wave distribution and arcing
and short circuits were the element of discharge energy, increase with the amplitude
of vibration. The compressive residual stresses were the warm generation of the

temperature gradient of re-solidified metal on the machined surface.
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250 A b 2 um amplitude
g No-vibration
& 200 === | Opum amplitude
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100 130 160 ' 190 220
Peak Current (Amp)

Figure 7.4. Graphical presentation of residual stresses variation vs peak current

“These residual stresses produced in the'EDMed surface because of metallurgical
changes and non-homo gcneity of the heat stream. The strong flushing impact ascribed
to hlgher amplitude of vibration to lessen the heat concentration and re-solidification.
Khosrozadeh & Shabgard (2017) determmed the pattcm of residual stresses of
ultrasonic vibration assisted Die-sink EDM and conclude that the stresses decreased
with the amphtude however when mcremcnt pasted certam limit the impact was
-"mverted The compresswe residual stresses were measured during the
experlmentatlon these compressive resndual stresses mcreased w1th the peak current.
Figure 7.4 shows graphical variation of residual st;esses variation vs. peak current,
with increases in amplitude of vibration the residual stress decreased. The maximum
deviation in residual stresses is obtained at 15pm and minimum at 20pm. Figure 7.5

to 7.8 represent the 2D, 3D, distortion ring and peak strength of experimental results

119



at No-vibration, 10um amplitude of vibration, 15um amplitude of vibration and 20pm

amplitude of vibration respectively. The results confirm that the residual stresses
developed in the wire - EDMeqd surface area of compressive nature. The magnitude of
stresses decreased with the application of ultrasonic vibration. The variance of
residual stresses with the amplitude of vibration is non-uniform. The maximum
reduction in residual stresses was observed at |5um amplitude of vibration. At low
amplitude of vibration the variation in residual stress was marginal. The amplitude of
vibration helped in uniformlizing the discharge wave distribution in the discharge gap
and reduced the arcing and short circuit. This phenomenon reduced the discharge

energies and resulted less residual stress, micro-pin holes and micro-cracks.

Dabye Aingi20)!

Figure 7.5. Full 2D and 3D debey ring and its residual stresses profile with peak current 160 amp and
pulse on time 100, Pulse off time 50, Servo Voltage 1150 units at No-Vibration; Residual stress=
176MPa
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Figure 7.6 Full 2D and 3D debey ring and its residual stresses profile with peak current 160 amp and
pulse on time 100, Pulse off time 50, Servo Voltage 1150 units at 10um amplitude of vibration;
Residual stress= 170MPa

Dekya ring{3D)
rgtation 0 [deq]

Alpha 000 -« 3

-

| 2D and 3D debey ring and its residual stresses profile with peak current 160 amp and
0, Servo Voltage 1150 units at 15um amplitude of vibration;

Residual stress=139MPa

Figure 7.7 Ful
pulse on time 100, Pulse off time 5
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Figure'7.8 F_ul] 2D and 3D debey ring and its residual stresses profile with peak current 160 amp and
pulse on time 100, Pulse off time 50, Servo Voltage 1150 units at 20pm amplitude of vibration;
Residual stress=149MPa

Distorted 3D Debye-Scherrer ring profile portrayed the damaged workpiece surface
and high compressive residual stresses. With the amplitude of ultrasonic vibration, the
uniformity of the 3D Debye ring was comparatively high. The uniformity in distortion
ring was an indication of smooth crater size, and healthy surface morphology of

machined surface with less residual stresses.
7.2. Wor-kpiece Material:

For Phasé-l[:_ The workpiece material AISI D3 steel a high carbon-high chromium
die steel 'extelns'ively_ used in dies and mold industry was used for the

‘experimentations.
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The 18 examples were cut to cuboids shape with 4X10X20, 7X10X20, 10X10X20
mm’ six each on Wire-EDM shown in Figure 7.9, and after that confronted and
ground with diamond grinding wheel. Chemical composition of workpiece material
and main mechanical properties has been listed in Tables 7.1. The mechanical .

properties at room temperature for AISI D3 are given in Table 7.2.

Table 7.1. Chemical composition of workpiece material phase-1I (AISI D3 steel).
% weight composition of Components

C Si Mn Mo P S Vv w Cr Ni
155 030 035 075 003 003 09 - 1041 030

AISI D3 is a high carbon-high chromium steel produced for applications requiring
high protection from wear or to scraped spot and for protection from overwhelming

pressure as compare to sudden stun.

Table 7.2. Properties at room Temperature for AISI D3

Young’s Modulus, E(GPa) 210
Ultimate Tensile strength(N/mm2) 2010
Yield Strength(N/mm2) 2150
Poisson’s Ratio 0.27-0.30
Rockwell Hardness 62
Density Kg/m’ 7700
Thermal Expansion (10°°'C) 12

As a result of these characteristics and its non-disfiguring properties, D3 is top notch

for die work on long creation runs. It is basically oil- hardening steel, and it solidifies

to an awesome depth.

The production from a die after each grind is consistently uniform. While the impact
strength is comparatively low, by proper adjustment of tool design and heat treatment,

this steel has been used successfully for punches and dies on quite heavy material (up

to Y% inch thick).

For Phase-III: In this phase, the AISI D2 high carbon hlgh chromlum Cold Work _
Tool steel workpiece material was chosen The 32 specimens were.cut to cuboids |
shape with 10X10X24 mm’ on Wue-EDM as shown in Figure 7.10 and then faced
and ground with grinding wheel. Chemical composition of workpiece material and

principle mechanical properties has been recorded in Tables 7.3 and 7.4, separately.

Table 7.3 Chemical composition of workpiece material (AISI D2).
% weight composition of Components

Si Mn Mo P S \'% W Cr Ni
201 067 034 20 003 003 1.00 1.00 12.00 030
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Figure 7.10 AISI D2 tool steel Materials Cut for Phase-111 experimentation

AISI D2 Cold Work Tool Stee] is air or oil hardened, with maximum dimensional

stability during heat treatment, offering véry high hardness and abrasion resistance.
Generally supplied annealed to HB 250 max.

Table 7.4 Properties at room Temperature for AISI D2

Young’s Modulus, E(GPa) 210
“Ultimate Tensile strength(N/mm2) 1900
Yield Strength(N/mm2) 2150
Poisson’s Ratio 0.27-0.30
Rockwell Hardness 64
Density Kg/m3 7700
Thermal Expansion (106/0C) 10.7

Typical applications of AISI D2 are Deep drawing and forming dies, cold drawing
punches, hobbing, blanking, lamination and stamping dies, shear blades, burnishing

rolls, master tools and gauges, slitting cutters, thread rolling & wire dies, extrusion

dies etc.
7.3. Response Charac_teristics:

The effect of selected process parameters was studled on the followmg response

characteristics of Hybrld ere EDM process:

¢ Cutting Rate (CR) / Material Removal Rate (MRR)
e Surface Roughness ( SR)
e Residual Stresses

7.3.1. Cutting Speed (CS)/ Material Removal Rate (MRR):

For Wire-EDM, cutting rate is a desirable characteristic and it should be as high as

possible to give least machine cycle time leading to increased productivity. In the
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present study cutting rate is a measure of job cutting which is digitally displayed on
the screen of the machine and is given quantitatively in mm/min (Figure 6.10).

Material removal rate was calculated by measuring the cutting rate and then
multiplying it with the length of the cut.

For Wire-EDM, cutting rate is an alluring trademark and it ought to be as high as
conceivable to give slightest machine process duration prompting expanded
efficiency. In the present investigation cutting rate is a measure of occupation cutting
which is carefully shown on the screen of the machine and is given quantitatively in
mm/min (Figure 6.10). Material evacuation rate was figured by estimating the cutting

rate and afterward increasing it with the length of the cut.

7.3.2. Surface Roughness (SR):

Surface roughne;ss is the measure of the fine surface anomalies in the surface. These
are the aftereffects of the EDM procedure utilized to make the surface. Surface
irregularities are connected as the arithmetic average deviation of the surface valleys
and pinnacles communicated in micro-meters. The parameter for the most part
utilized for general surface roughness is Ra. It gauges normal surface texture
irregularities by contrasting every one of the pinnacles and valleys with the mean line,
and after that averaging them everywhere throughout the whole cut-off length. Cut-off
length is the length that the stylus was hauled over the surface; a more drawn out cut-
off length will give a more normal esteem, and a shorter cut-off length may give a less
exact outcome over a shorter stretch of surface. In this work the surface roughness 1s
estimated by Taylor Hobson Surtronic 3+ profilometer. Before taking estimations for
surface roughness, the work piece was cleaned with acetone (C3HgO) solution. The
surface analyzer is a shop— floor composes compact surface-roughness estimating
instrument, which follows the surface of different machine parts and computes the
surface roughness in light of roughness gauges, and shows the outcomes in pm. The
work piece is appended to the finder unit of the Surtronic 3+ profilometer which
follows the moment abnormalities of the work piece surface. The horizintal stylus
dislodging amid the follow is prepared and digitally displayed on the display of the

instrument.
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Figure 7.i1 Surface Roughness Tester (Taylor Hobson Surtronic 3+ profilometer)

The surf test has a determination dlf‘fermg from 0.01 pm to 0.4 pm relying upon the
estimation go. The roughness esteems are taken by averaging no less than three
estimations for each specimen at various areas of specimen. Figure 7.11 demonstrates

the surface roughness analyzer utilized for the measure of surface unpleasantness.

7.3.3. Residual stresses:

In this work the portable X-ray Residual Stress Analyzer 1-X360, a non-destructive
X-ray analyzer of Pulstec Industrial Corporation Limited shown in Figure 7.12 is used

for measuring the residual stress in Wire-EDMed machined surfaces.

Figure 7.12 Portable X-ray Residual Stress Analyzer (p-X360FULL 2D X-ray detcctl on)

This analyzer can measure the stress efﬁcxently by detectmg the full Debye ring data
from a single incident X-ray angle and Non_ goniometer stage influence on the
measurement result. Measurement conditions for residual stresses i present

experiment are demonstrated in the Table 7.5.

Table 7.5. Measurement Condition

Measurement Units

Measurement area All (3.000 -
30.000)

Pitch 50 [um]
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X-ray irradiation 30 [sec]

time(Setup)

X-ray irradiation 30 [sec]

time(Meas.)

X-ray irradiation 120 [sec]

time(Max)

X-ray tube current 1.00 [mA]

X-ray tube voltage 30.00 [kV]

Sample distance(Monitor) 39.000 [mm]

Sample 39.263 [mm]

distance(Analysis)

X-ray incidence angle 35.0 [deg]

Offset of alpha angle 0 [deg]

X-ray wavelength (K- 2.29093 [A]

Alpha)

X-ray wavelength (K- 2.08480 [A]

Beta)

X-ray tube total use time  106.83 [h]
(384601

Detection sensitivity 20.3 [%] (174204)

Level of ambient light 0.2 [%]

Correction coefficient 0.00xx + 1.00x +
0.00

Valid range of alpha angle 18.00 <--->90.

Peak analysis method Fitting Lorentz

Compact, light-weight and portable for non-destructive measurements-designed for
stress analysis, whether on-site measurement including large structures such as
pressure vessels, or work-shop and laboratory based analysis. Low operational power

and air cooled X-ray source. It is safe to operate and environmentally friendly.

These residual stresses developed during Hybrid-WEDM play a vital role in surface
morphology of workpiece. These stresses are the major factors for the failure of any
component. The extensive empirical testing and analysis of these stresses is the key
for the success of any product. In this study, the residual stresses developed on the
machined surface were measured using advanced X-ray Cos o Method. In comparison
to Sin’y residual stress measurement method, the Cos o method requires only a single
angular measurement for complete analysis. This advanced method is based on the
calculation of stain within crystal structure in certain plane. There exist a clear
relafionship between diffracted X-Ray and the inter-plane spacing of crystal lattices in
a particular atomic plane. A stressed crystalline structure material surface results in
change in wave length of the diffracted X-ray beam because of elongations and
contractions within the crystal lattice. The inter-planer spacing (d) of certain crystal is

utilizes as the gauge length for measuring strain. When particular wavelength X-ray
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incident on crystalline grain that satisfies Bragg’s law gets diffracted and form as a

cone around the axis of incident ray. This is because of the varying orientation of

crystalline grain, According to the Bragg’s law, a numerical relationship between

incident X-ray and the inter-planer spacing of a crystal could be expressed as equation
(7.1); '

nA=2dsing ... (7.1)
Where ‘n’ = An integer represents "order" of reflection,
A= The X-rays wavelength,
d = The inter-planar spacing of the crystal,
€ = The incidence angle/diffraction angle

When a crystalline structure is under the stress, X-ray incident angle w; is
smaller and therefore the magnitude of Strain (&;) developed can be expressed as
equation (7.2);

ds—d;
d;

Strain (&) = (1)

Where di= Initial inter=planar spacing of the crystal, and d= Final inter-planar
spacing of the crystal after machining. The magnitude of strain developed _is
calculated using formula in equation (7.3 & 7.4) by acquiring the full Debye-Sherrer
ring with a position detector sensor (Ashyralyev, 2010). The strain increases as a
result of increase in (df) and there by decrease (0) in equation (7.22). The residual

stresses are calculated from the change of diffraction normal angle (y) as shown in

Figure 7.13.

s i{(sa —tpia)t(Ea—&-a)} e
(7.3)

€2 = é[(ga — Eqsq) T (6-a — Erwadf 000 e
(7.4)
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1+v i m
Eq1 = — Ox -SiN 2n .sin2y;.cosa

(7.5)
€az =%Txy.sin 2n .siny;.sina N
(7.6)
O, = E Eg1
= (1+v)sin2n sin2y; " cos a sessinns
(7.7)

Where; &4 = Strain measured in the direction of &,
£ n:a = Strain measured in the direction of mM+a,
€a1 = Strain measured in the vertical direction,

£x = Strain measured in the horizontal direction,

o, = Residual axial stress,
¥eray iy
Debye Ring
Strain (52 °
Diffracted X-raydy
Diffracting sample Surface

Crystal lattice no-stress
# Crystall; under-stress

Figure 7.13. Geometric representation of the cos(a) geometry using a 2D Single position of detector.
Ty = Residual shear stress,
v = Poisson’s ratio,

129



E = Young’s Modulus of Elasticity,

Wi = Diffraction normal angle,
@ = Azimuth angle of Debye-Sherrer ring,

n = Angle between Debye-Sherrer ring axis and the sample diffraction
detector of X-ray,

This diffracted cone shape around the axis is the Debye-Scherrer ring. The full
Debye-Scherrer ring is procured by a single short duration X-Ray presentation. Thé
residual stresses are determined by precisely estimating the position of the Debye-
Scherrer rings; their positions are an immediate measure of strains €q and en. The
residual stresses can be calculated. with the formula expressed in equation (7.6 and
7.7) (Peterson et al., 2017).

7.4.  Scheme of Experiments:

The entire experimental investigation is divided into two phases. The choice and
selection of the parameters in each phase is decided by considering the objective of

that particular phase.
7.4.1. Scheme of Experiments (Phase-II):

The experiments in this phase are designed to study the effect of some of the Hybrid
Wire-EDM parameters on response characteristics. Taguchi parametric design
methodology was adopted in this phase. Table 7.6 shows the process parameters

selected and their range available and their values at different levels.

Table 7.6 The controlled parameters and their Levels of experimental design (Phase-1I)

Levels
Fasctors s Level 1 Level 2 Level3
A Type of Vibration Continuous Discontinues -
Amplitude of Work piece

B Vibration w0 H L

c Peak Current 100 140 180
D Duty Cycle(Pulse off Time) 66% 72% 78%
E Thickness of wok piece 10 7 4

F Wire Feed Rate 5 8 11

130



7.4.1.1. Selection of Orthogonal Array (OA) and Parameter Assignment:

Before selection a particular OA to be used as a matrix for conducting the

experiments, the following two points were considered as suggested by Ross (1996)
and Roy (1990):

The number of parameters and interactions of interest

. The number of levels for the parameters of interest

The non-linear behavior, if exist, among the process parameters can only be studied
if more than two levels of the parameters are used. Therefore, each parameter was
analyzed at three levels. In this phase Taguchi’s mixed level design is selected as it is
decided to keep two levels of type of vibration. The rest five parameters are studied at
three levels. Two level parameters has 1 DOF, and five three level parameters have
10 DOF, i.e., the total DOF required will be 11[= (1*1+ (5*%2)]. The most appropriate
orthogonal array in this case is Lig (2' *37) OA with 17 [=18-1] DOF. Standard Lis
OA with the parameters assigned by using linear graphs is given in Table 7.7. The
unassigned columns were treated as error. For each trial, experiments were replicated

three times.

Table 7.7 The L;g (2" * 37) OA (Parameters assigned) with Response (Phase I)

E" Run | parameters Trail Conditions ﬁfj{’v"gﬁ)_ fﬁo
No.|lee [A|B|C[D|[E[F|[G|H|Rl |R2 |R3 (db)
1 12134(5]6]-]-

T 115 (1 |1 |1t [T [r]r]yr [Yi2 [ Y13 |SN(@)
2 |8 T (1(2|2]2|2|2|2]|Y2 |Y22 [Y23 | SN@)

_ . | 3 :
3 |3 T 111313313 ][3]3]- 2 2 :
4 |9 1 21 (1 (2]2[3[3]- 8 = -
s |1 11222133 1{t]- . " -
T 1T |1 (213312122 ]- - - -
5 (16 11-/3|]2]1i3]2]3]* % - .
g 12 |1 [3f2[3[2[1(3]1]- = E -
9 |5 1 1331113 ]21]12]- = % z
0 |1t |2 [1[1[3]3[2]2]1]- - : >
1 |14 |2 [1[2]1[1]3]3[2)- |- . -
2 118 12 (1[3[2]2]1[1]3]- . - .
13 [2 7 211 (2]311]3[%]- = . "
14 117 (2 [2[2[3]1]2]1]1]- 5 2 =
5 113 |12 |2]3al1l213}12[2}- - = <
16 |4 2 313213 ]1]1]- R - -
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o8]
]

31Y1 [Y18 |YI8 |[S/N(18)

;IS;%E Tepresent response value for three repetitions of each trail. The 1,
o Srepresent levels 1, 2, 3 of the parameters, which appear at the top of
© column. () represents no assignment in the column. Yij are the measured
values of the qualit characteristics (response),

7.4.1.2, Experimentation (Phase-II):

In phase-II, six process parameters viz. type of vibration, amplitude of vibration,
workpiece thickness, peak current, duty cycle and wire feed rate were selected which
are shown in Table 7.6 and the other parameters were kept constant. Experiments
were conducted according to the test conditions specified by the Ljg OA (Table 7.7).
Taguchi recommends the use of S/N ratio to measure the quality characteristics
deviating from the desired values. The quality characteristic for cutting rate is taken
“higher the better” and for surface roughness and residual stresses, it is taken as
“lower-the better”. The S/N ratio for the “higher-the-better” ‘equation (7.2) and
“lower-the-better” equation (7.3) of response can be computed (Ross, 1996; Roy,
1990) as:

(SI/N)y ==-10 log [—I-}f (r,")]
B . i
(S/N)p =-10 log [I—)f (r,’)}
& 3 "
. Where, Y; (=1, 2, 3....... n) is the response value under the trail condition repeated R

times.

-Aﬁalysis_ of Variance (ANOVA) was performed to identify the process parameters
that wcre-statistically significant. With the S/N and ANOVA analyses, the optimal
combination of the process parameters was predicted. Each experiment was repeated
three tiﬁxes in each of the trail conditions. In each of the trial conditions and for every
' _replication, the MRR, SR and residual stresses are measured. The cutting rate, surface

roughness and residual stresses response characteristics are given in Table 7.8.
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Table 7.8 — Experimental plan and Results of performance characteristics

Ex | Typeof “”";‘}“““ Peak Duy | Workpiece :;"f Response for Erosion Rate | Response for Residual R
No | Vibmtion | o Cument | Cycle | Thickness N (mm/min) Stress (MPa) p {ixm)
A B C D E F RI R2 R3 RI | RZ | R3 RI [¥] R3
1 e 10 100 66 10 5 043 0.45 046 198 | 185 | 198 | 122 132 | 138
2 c 10 140 7 7 8 29 282 208 252 | 260 | 266 | 3.02 3 2.98
3 c 10 180 k] 4 1 522 532 526 | 292 | 295 | 287 | 322 3.86 376
4 c 14 100 66 7 8 239 241 245 1M 136 142 1.62 1.84 1.76
5 c 14 140 ] 4 1 463 4.65 454 225 | 256 | 265 i1 3.02 311
6 c 14 130 ” 10 5 152 351 347 | 302 | 310 | 305 | 3.8 | 353 | 343
7 c 18 100 7 10 1 1.45 147 143 | 25 | 234 | 220 | 168 136 | 147
8 c 18 140 i 7 5 176 278 266 226 | 27 | 206 2.36 2.96 252
9 c 18 180 66 4 3 416 418 408 | 284 | 208 | 286 3.5 306 | 3.42
10 D 10 100 78 4 3 351 3.58 345 | 291 | 287 | 268 | 332 | 3.08 | 298
1" D 10 140 66 10 1 192 188 192 193 | 218 | 265 | 1.56 1.62 1.58
12 D 10 150 n 7 . 5 175 383 T 268 | 243 | 243 | 296 264 |-284
13 D 14 100 7 4 5 363 375 365 | 175 | 13 | 24 1.6 1.52 | 1.57
14 D 14 140 8 10 8 4.45 457 473 | 221 | 28 | 231 | 206 1.86 197
15 D 14 180 66 7 I 353 175 379 126 | 13 | 136 | L358 1.6 1.5%
16 D 18 100 kL] 7 1 276 238 278 170 | 167 | 174 | 2.06 1.66 187
17 D 18 140 66 4 5 137 149 136 231 154 167 1.9 172 1.83
18 D 13 180 7 10 8 423 435 424 267 | 265 184 1.65 2.00 204

7.4.2.Scheme of Experiments (Phase-III):

In this phase, five process parameters Viz. amplitude of vibration, peak current,
pulse-on time, Pulse of Time, wire feed rate were selected for the purpose of
investigating their effect on the response parameters of Hybrid Wire-EDM process.
Thirty two pieces were processed according to the central composite design for five
variables. In each of the trial conditions for every replication, the MRR and SR were

measured. The MRR and surface roughness response characteristics were given in

Table 7.12. For the proposed experimental work, RSM approach has béen adapted for |

developing the numerical equation of correlatlon for quality characteristics of Hybrld

Wire-EDM process. High carbon, high chromium D3 tool steel was selected for

conducting experiments, as this was used extensively in blanking aﬁd_ forming dies

industry. In applying RSM, the indigent variable has been seen as a surface to which a
numerical model was fitted (Myers, R. H., & Montgome_ry; 1 995). For the expansion
of regression equations or correlation related to SR and MRR has '_been considered as

the second order response surface as in equation (7.4):

U=bh, +Zhv. Zb,,I Zb“ ivjter o R 1

i<j=2
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Quantitative response surface equation [U] for Hybrid Wire-EDM was obtained by
substituting numerical values of the ‘vi’s and “v;’s which were obtained analytically.
Equation (7.4) for surface response [U] contains linear, squared and cross product
terms of variables v.’s. The choice and advancement of fitting response surface
models were accomplished with the help of software programming in Design Expert

(DX-11). The detailed design summary of statistical software used for this study is
given in Table 7.9

Table 7.9 Design Summary for statistical software used

Response Units Obs | Amlysis | Min | Max | Mean [ % | Ratio | Trams | Modd
Metal removal | : : . Reduced
rate (MRR) mm2/min | 32 | Polynomial | 189 | 2639 | 1455 | 733 1396 | None | Dmadiitic
Surface : I ;
Roughness pm 32 | Polynomial 2 |3 52 29 |2 e Reduced
(Ra) ¥ 102 | 264 |152 |o04979 | 259 | Nooe Il Quadasic |
File Version 11.03.0
Study Type Responsc Surface | Subtype

- Central
Desi

&n Type Composite Runs

The parameter ranges and their corresponding levels with coded values that are used
in present RSM approach given in Table 7.10. The coded values of variables were
decided in experimental design matrix by the extreme values of variables using

Equation (7.5).

Table 7.10 Process Parameters range and their Levels

S.N  Symb Levels Coded
0 ol Ptsias (2 1) 0 D (#2) values
1 B Peak Current 100 105 110 115 120

2 C Pulse On Time 70 90 110 130 150

3 D PulseoffTime - 52 - 49 46 43 40 Real
4 A - Amplitudeof 0 6 12 18 24 Values

: Vibration _
5 E WireFeedRate . 0 ~ 6 12 18 24

Type ofViiJration: Ultrasonic vibration 21.5 KHz; Work Material: High-carbon
High-chromium D3 steel; Polarity: Positive; Dielectric Fluid: Distilled water;

7.4.2.1. Coding of Variables:

The coded values of variables as réquired in expérimental design matrix (Table 7.11)
can be found, once, the extreme values of variables are decided. The coded values

have been found out using the following transformation equation (7.5):
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Zi=pi+qiXi fori=1,2,3...........k
S {f )
Where

Zi= coded values of variables
Xi = real values of variables

P;and q; = Values of coefficient determined to satisfy the extreme values of real
variables at the extreme ends of scale of coded variables ie. -2 and 2 for five
variables. The values of the process parameters at the desired levels have been given

in Table 7.10, the experiment conditions are specified in Table 7.12.

Table 7.11 Coded Values and Real Values of the Variables (Phase I1T)

Ex No. B C D E

Coded | Coded Coded

"
i

oc_c:-ooc:ocu.:,cc:ooco-—-——-—-——-—--.'...'__L..!..'_.L.

[
Y U S A U L L

woloe|~a|on|w| s |w i (—
—li]l=ll]=| ==

e [ - _._,'_._.;,.-.-.'_.—-;.n.gkr
&
0
§ &
L

—

(=
"
[

R
eaoooooaccoco?mb-—.'_—-
olo|olo|lo|le|o|e|o|ole|e|mli|e|e|—|—|=~
ococccococm,‘,ccoc———-—;-.'—.‘.
coaoocuboooooooo'.—-'—-—;.—-.‘_

7.4.2.2. Experimentation precaution:

While performing various experiments, the following precautionary measures were

taken.

|. To reduce the error due to experimental setup, each experiment was repeated

three times in each of the trail conditions.
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2. The order and replication of experiment was randomized to avoid bias, if any,
in the results.

3. Each set of experiments was performed at room temperature in a narrow range
(32£2°C).

4. The workpiece was cleaned with acetone before taking any measurement.

The experimental data of 32 runs at random were collected for a standard second-

order experimental design called face-centered central composite design (CCD).

Table 7.12 Experimental trail conditions and results of response characteristics (MRR and SR)
Response ::;ﬂ”m

Factor A FactorC  FactorD Factor E Factor B RI
Sud. Run 7
Order order  Peak Pulse on I Amplitide  wue Feed MRR

Current Time P'."M off nfl : Rate Ymin) SR (pm)

(Amp) (ps) Time (s) (\::Ir)ahun (inm/min) o o
10 1 150 100 40 24 12 12.29 121
13 2 70 100 52 24 12 8.96 L1
19 k| 1o % 46 12 * o8 517 1.14
4 4 150 120 40 0 12 21.91 2.64
5 5 70 100 52 0 q 1.89 L13
3 6 70 120 40 0 4 B.12 1.51
8 7 150 120 52 0 4 11.84 1.45
20 8 110 130 46 12 8 24.67 231
26 9 110 110 46 12 16 11.61 1.39
16 10 150 120 52 24 12 19.82 225
27 1] 110 110 46 12 8 22.23 1.34
11 12 T0 120 40 24 12 9.56 * 1.16
6 13 150 100 52 0 12 953 1.54
9 14 70 100 40 24 4 11.21 1.25
1 15 70 100 40 0 12 483 1.34
18 16 190 110 46 12 3 26.39 2.55
32 7 110 110 46 12 8 23.89 1.26
15 18 ¢ 120 52 24 4 10.36 125
17 19 30 1o 46 12 8 7.38 1.14
2] 20 110 110 34 12 8 19.59 2.18
25 21 110 110 46 12 0 13.89 1.43
30 2 110 110 46 12 8 20.12 1.23
3 23 1o 110 46 12 8 23.28 1.39
12 24 150 120 40 24 4 23.52 243
28 25 110 110 46 12 8 21.28 1.27
14 26 150 100 52 24 4 6.87 1.02
23 27 110 110 46 -12 8 12.12 1.59
2 28 . 150 100 40 Q ] 18.38 249
T 29 70 120 52 0 12 5.89 1.25
29 N 110 . - 110 46 12 . 8 2393 1.22
24 3l 110 110 46 36 -8 20.34 1.17
2 32 110 110 58 12 8 4.88 1.12
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CHAPTER 8
ANALYSIS AND DISCUSSION OF RESULTS

This chapter contains the analysis and discussion of the results of experiments
conducted for phase-II and phase-11I.

8.1. Analysis and discussion of results of Phase-II:

In phase-11, the experiments were planned by using the parametric approach of the _
Taguchi’s L18 Orthogonal Array (OA) method. The response characteristics data are
provided in chapter 7 (Table 7.8). The standard procedure to analyze the data, as -
suggested by Taguchi, is employed. The average values and S/N ratio of the response
characteristics for each parameter at different levels were calculated from
experimental data. The main effects of process parameters both for raw data and S/N
data were plotted. The response curves (main effects) were used for examining the
parametric effects on the response characteristics. The analysis of variance (ANOVA)
of raw data and S/N data was performed to identify the significant parameters to
quantify their effect on the response characteristics. The most favorable conditions
(optimal settings) of process parameters in terms of mean response characteristic were

established by analyzing response curves and the ANOVA Tables.

Further, the effect of independent process parameters for Hybrid WEDM like type of
vibration, amplitude of vibration, peak current, wire feed rate and duty éycle on the
selected response characteristics (cutting rate, surface roughness and residual sti'esses)_
has been discussed. The interaction effect of type of. vibration and- amplitude ‘were
also discussed. The average value of response characteﬁstics and S/N ratio (dB) for |

each parameter at level one, level two and level three (L1, L2 and L3) were
calculated. '

Each trial was rehashed three times in each of the trail conditli'ons. In each run
conditions and for each replication, the cutting rate (CR), residual stresses (RS) and
surface roughness (SR) were measured. The S/N ratio and ANOVA investigation for
cutting rate, residual stress were obtained by utilizing excel sheet in Microsoft office

and the values acquired are given in respective tables.
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8.1.1. Effect of type of vibration(Ultrasonic vibration Parameter):

The effect of continuous/Discontinues vibration on cuttin,

WEDM has been perceived for quite a while. It was presumed

vibration prompt increment in cutting rates.

¢ rate (CR) in Hybrid-

that ultrasonic

S/N ratio

10.80 ==
+ 3.60
10.10 _
1340
£
9.40 E
—4—5/N ratio E
—&—CR 1320 5
8.70
8.00 T 3.00
1 Cont. Discont.
_Type of vibration

Figure 8.1 Main Effect and S/N ratio of type of Vibration on cutting rate

S/N ratio

255 j

-46.4
-46.8 k 240
~§—S/N ratio
--RS
-47.2 225 D
2|
(")
(= =
47.6 210
Cont. Discont.

Type of vibration

Figure 8.2 Main Effect and S/N ratio of type of Vibration on residual stress
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Figure 8.6 Residual stress graphs for No-vibration

This was affirmed in the pilot trails in present experimental study. Further
experiments were conducted with discontinuous vibration in wire EDM with Taguchi
experimental design. Figures 8.1-8.3 demonstrated the graphical variation of cutting
rate, residual stresses and surface roughness, which upgraded with discontinuous
vibration. The principle impact of vertical discontinuous vibration was multiple
discharge point with enough time ranges to empty the debris and gas bubble. In the
meantime the extra inertial forces setup in the work piece helped the clearing of
debris. The upside of giving vibration to the workpiece is the opportunity from the
wire resonance as if there should arise an occurrence of ultrasonic vibration bestowed
to the wire. With discontinuous vibration, it was clearly observed that residual stresses
dimi.nish as vibration on the workpiece provided more change than continuous
vibration of workpiece. At the point when vibration was connected to the workpiece,
last recorded residual stress was around 20% than without vibration. Whereas, when
di'sc;:mtinuous vibration was connected to the workpiece the change was roughly 27%.
This v?_as because the peak discharge density was much smaller in periodic vibration
than created by the continuous workpiece vibration. The dielectric circulation and the

flushing of debris were more uniformed in this case. The material under investigation
was a a Fe(211) with Lattice constant(a) 2.8664 A. The X-Ray wave with Wavelength
K-Alpha Diffraction angle (26) 156.396 deg, Diffraction lattice angle (2Eta) 23.604
deg was used for measurement. The workpiece specification obtained during
measurements were Inter-planar spacing (d) 1.170, Diffraction plane(h,k,l) 2, 1, 1 and

B.C.C Crystal structure, Young's modulus(E) 224.000 GPa, Poisson's ratio(v) 0.280.
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The values of the constants were Sigma (x) stresses constant (K) -465.097 GPa, Txy
stress constant (K) 380.985 GPa and oy stress constant (K) -2091.661 GPa.

As appeared in Figures 8.4-8.6, horizontal axes cos(w) are the COS of Azimuth
angle of Debyc-Sherrer ring and the vertical axis is a strain (g4 ). This incline of the
bend so acquired was the measure of residual stresses. In Figure 8.4 for continuous
vibration the incline is higher as contrast with the slope in Figure 8.5 for
discontinuous vibration. Though, in case of-no-vibration the slope was comparatively

very high as shown in Figure 8.6.

8.1.2. Effect amplitude of vibration (Ultrasonic vibration Parameter):

As appeared in Figure 8.7 the cutting rate increments from 10 to 14 um amplitudes
of vibration, however past that it diminishes. This was on account of the higher
amplitude of vibration disturbance to the essential discharge condition for the wire
EDM process. The secondary discharge occurred between the debris and wire

electrode and develop an abnormal discharge condition and short circuit.

12.6 4.00

112 + A

+ 3.50

9.8 \
8.4 :
=4=—"S/N ratio
’ == CR

7 T r 2.50
10 14 18 '
Amplitude of vibration

S/N ratio

CR (mm/min)

Figure 8.7 Main Effect and S/N ratio of amplitude of vibration on cutting rate
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Figure 8.9 Main Effect and S/N ratio of amplitude of Vibration on surface roughness

How‘éver,_at ‘this higher amplitude of vibration could be clarified as; the pace of
debris evacuation lingei-é_ behind the debris aggregation. It was watched that there
~ exist a cozy connection between éutting fate and surface roughness. The cutting rate
was an element of disgharge energy, fncrerhent with the amplitude of vibration up to
14 pm than additionally diminish at 18um.The compressive residual stresses were the

resultant of the temperature gradient of re-solidified metal on the machined surface.
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These residual stresses were produced in the BbNed suifice because of

metalturgioal changes and non-homogeneity of the heat stream. The strong flushing

impact ascribed to higher amplitude of vibration to lessen the heat concentration and
re-solidification. Scientist demonstrated that the stresses decrease with the amplitude.
However, when amplitude limit crossed a certain limit, the impact was found inverted
(Khosrozadeh & Shabgard, 2017). Figures 8.10-8.12 show comparative full width at

half maximum (FWHM)- distribution of entire Debye-Scherrer ring at different
amplitude of vibration,

158 Debyc n:ng - 'Hg.lfvalue
L o e e
564k, 1564
e o
5616 - 1552
b o | Mg Hi a0 ;zﬁ.o TR
o FWEM Peak strength

Peak strength

ALUEEE

|
i

e I TR TT ] ‘;zl‘lﬂ 60 %00

Figure 8.10 FWHM graph at 10um amplitude of vibration

AT

Figure 8.11 FWHM graph at 14pm amplitude of vibration
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At 10pm the FWHM 2.79° the variation lies between (2.68 - 2.93 deg) and oy,
30.96” and awin 131.04° with Peak strength (Ave) 189k. Considering other parameters

constant the value of FWHM 2.95° lied between (2.80 - 3.13% amax 57.60° to oy
125.28" at I4pm amplitude of vibration with and Peak strength (Ave) 104k. At 18um
the FWHM 2.75 deg the variation lie between (2.64 - 2.86°) ttpax 301.68%0;, 144.72°
Peak strength (Ave) 143k. The Peak strength is maximum at 10pm and minimum at

14pm that indicated the intensity of residual stresses as shown in Figure 8.8.

T T I T - T
«@

Figure 8.12 FWHM graph at 18pm amplitude of vibration

Peak broadening could be used to quantify the average crater size; micro strain
might also create peak broadening (Sasaki et al., 2014). But by analyzing the peak

widths over a long range of 26 one could differentiate micro strain and crater size.

Disordering- of ﬁjll width at half ma};imum' (FWHM) djsftribyltion of e;itire Debye-
Scherrer ring at 18um in minimum arid at 1 4pm was ma_xinﬁifn, which represents the
poor surface integrity at that amplitude Surface texfﬁr‘e appeaféd decreased from 10
to 14pum, but after that it appears |mprov1ng Figurc 8.9 1]'|d|cate that the surface

roughness follow the same pattem as that of the rfmdual stresses.
8.1.3. Effect of workpiece thickness _pal"anietérs(Ma'terial'Parametef):

Although the cutting rate increased and residual stresses .decreased with
discontinuous vibration, when comparing with the continuous vibration, but the effect
was more prominent for the thinner workpiece, whereas surface roughness improved

with increase in the workpiece thickness as shown in Figures 8.13-8.15.
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Figure 8.15 Main Effect and S/N ratio of workpiece thickness on surface roughness
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However, it was further noticed in Figure 8.15 that residual stresses decreases with
the decrease of workpiece sizes up to 7mm, after that it further increases. This was
because of the high string effect obtained at 7mm thickness. The vibration of
workpiece was less effective at higher thickness of workpiece, Although high flushing
effect could be attained at high amplitude of vibration, but also the resonance of
workpiece vibration restricts improvement of debris. The workpiece thickness
significant play a role in residual stresses improvement. The cutting rate linearly

decreases with thickness.
8.1.4. Effect of Duty cycle and Peak Current (Electrical parameters):

After carrying out the pilot experiments run the peak current range was selected
from 100-180 ampere in the increment of 40 ampere and duty cycle from 66-78% in

the increment of 8 for the selected performance characteristics.
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Figure 8.16 Main effect and S/N peak current of vibration on cutiing rate -
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Figure 8.17 Main effect and S/N peak current of vibration on residual stresses
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The duty cycle selected for experiments was the percentage pulse-on-time with
respect to the total of the pulse on and off time setting for a particular cutting
condition. The duty cycle basically represents the utilization of discharge energy in a
given pulse-on-time interval. It was observed that combination of high peak current
and high duty cycle increase the wire breakage frequency. So, the values of
parameters SV = 20 volt; WT = 8 unit; SF = 1150 unit were kept low. For
continuous/discontinuous vibration at higher value of peak current, discharge became
unstable with an improper combination of spark voltage and duty cycle settings. That
developed high discharge energy of wire, so machining performance was affected
negatively (Han et al., 2013). In this experiment study, it was observed that the cutting
rate, residual stresses and surface roughness were vitally affected by peak current and
duty cycle. These were the sure factor; peak current and duty showed linear effect to
all the three performance characteristics as shown in Figure 8.16-8.21. Table 8.1
provides the corresponding residual stresses results of map of 3D debey ring proﬁlé
with peak current varies from 100-180 Amp, other parameters kept constant under
three different modes No, Continuous and Discontinuous vibration. As shown, the 3D
Debye-Scherrer rings at 100 Amp peak current were uniform and clear with small
residual stresses compare to 140 and 180 amp peak current. With an increase in peak
current the shape of 3D Debye-Scherrer ring became more distorted. Surface residual
stresses were the resultant of molten melt the layer of workpiece surface, expelled

away by the fresher dielectric medium, while the workpiece underneath remains solid.
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Continuous Vibration

100Amp

140Amp

0,=257

Table 8.1 Experimenta! results of Map of 3D debey ring and its residual stresses profile with peak

current varies from 100-180 Amp: i) No vibration; ii) Continuous vibrations; ii1) Discontinuous
vibration; other parameters constant.
At higher values of peak current the discharge energies were high that resulted higher
tesidual stress, micro-pin holes and micro-cracks. The Distorted 3D Debye-Scherrer
ring was an indication of damaged workpiece surface and high residual stresses. With
discontinues vibration, the umforrmty of 3D Debye ring comparatively was hlgh The
proposed model can fiirther bemg up- -date by thlllZlIlg mteractlve simulation with the
application the finite element model. A user interactive snnulauon for the residual
stresses would help to predict the life of the machmed surface at different levels of
~design parameters such as fatigue, heat affected zbné and c-:ra'ter size. This would

facilitate in further development of Hybrid Wire-EDM process performance.

Table 8.2 represents the residual stress profile by controlling XY stage with duty
cycle varies from 66-78 %. The duty cycle is pe'réentagc utilization of length of pulse
on time. Peak strength increases with the duty cycle, whereas peak width decreases

from continuous vibration to discontinuous vibration. The increase in duty cycle
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results in increase in residual stresses. The results confirmed with those of Guo et al.
(1997).The reason for high cutting rate was more electrical discharge energy was

conducted into the machining gap within single pulse internal and more work-piece

material cutting.

D 1 1 . - - -
C:]u?l’ - No Vibration Continuous Vibration Discontinuous Vibration

66

78

5 )

ox=312

Table 8.2. Experimental results of residual Stress profile by controlling XY axis stage with duty cycle
varies from 66-78 % using; i) No vibration; ii) Continuous vibrations; iii) Discontinuous vibration;
other parameters constant.

That spark discharge energy was a function of peak current and the length of the pulse

on-time (Kansal, 2005).
8.1.5. Effect of wire feed rate (Non electrical parameter):

The wire was passed at a particular speed through a wire guided path for continuous

sparking within discharge gap. It was preferred to set the wire feed rate to its
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maximum to reduce wire breakage. Figure 8.22-8.24 show the graph of wire feed rate
Versus response characteristics.
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455 - T - 252
5 11
-46.2 - 234
8= ./ —
‘E g
z s
“I' 469 - 216 @2
=&—5/N ratio
-47.6 RS 198
Wire feed rate

Figure 8.23 Main effect and S/N wire feed rate on residual stresses
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Figure 8.24 Main effect and S/N wire feed rate on surface roughness

It was observed that the effect of wire feed rate was wavy in nature. There was
insignificant affect observed for cutting rate and remained almost constant between 5-
11 mm/min and with slight increase at 8 mm/min. Although, the residual stress and

surface roughness curves were also wavy in nature as it first increased with increase

_in the wire feed rate and then decreased. So it is always preferred to have a high wire

feed rate. The higher wire feed rate reduced the wire breakage frequency.

8.1.6. Selection of optimal levels for cutting rate:

To determine which factors significantly affects the response characteristics,

ANOVA has been performed. The main effect of cutting rate at various levels larger-

is-better for raw data as well as S/N data is given in Table 8.5 & 8.6 respectively. In
this table the delta is the average main effect when the corresponding parameter
, changes from level 1 to level 2. The results of main effects for cutting rate form Table
- (8.3 and 8 4) reveal that the optimum levels of cutting rate(CR) for the Hybrid
WEDM were obtained: Discontinuous type of vibration (level 2), 14pm amplitude
| (level 2), 180 A peak current (level 3), 78% duty cycle (level 3), 7mm workpiece

thickness (level 2), and 8 mm/min wire feed rate (level 2), which provide maximum

CR for proposed Hybrid Wire-EDM process.
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Table 8.3 Main effects of Cutting rate (mm/min) (Raw Data) at various levels Larger is better

Type of . | Peak iece | WAre

Level vibrati on Amplitude Cu.rrent Dl.lt)r cycle Eﬂ:rl:;p;::e fefd
rate

Li 3.05 297 239 2.67 3.06 292
L2 3.52 3.75 3.36 3.45 4.10 3.64
L3 " 3.14 4.11 3.73 0.36 3.29
Delta | 0.46 0.78 0.97 0.78 2.69 0.71
Rank |6 3 2 4 1 5
Ll,L2and L3 represent level of parameters 1, 2 and 3; Delta is the average main effect
when the corresponding parameter changes from level 1 to level 2.

Table 8.4 Main effects of Cutting rate (S/N Ratio) at various levels Larger is better
i Wire
Type of ; Peak Dut Workpi
Level e oy piece
v vibration Amplitude Current | cycle thickness f:?g
L1 8.08 7.46 5.84 6.76 6.42 7.68
L2 10.68 11.28 10:12 16.20 9.58 11.00
L3 ¥ 9.42 12.19 11.19 12.15 9.47
Delta 2.60 3.82 427 344 3.16 3.31
Rank 6 2 1 3 5 4
L1, L2 and L3 represent level of parameters 1, 2 and 3; Delta is the average main effect
when the corresponding parameter changes from level 1 to level 2.

Table 8.5 Analysis of variance of Raw data for Cutting rate

SOURCE

SS DOF v P F-Ratio
Type of Vibration 2.91 1.00 291 3.95 6.93
Amplilude of 602 [200 [301 |8.16 7.16
Vibration
Peak current 26.89 2.00 13.44 36.49 6.94
Duty Cycle 10.96° | 2.00 5.48 14.88 13.04
Workpiece Thickness | 4.67 2.00 2.34 6.34 5.56
Wire Feed Rate 4.58 2.00 2.29 6.22 545
ERROR 17.65 42.00 0.42 23.96
T 73.68 53.00 100.00

Significant at 95% confidence level, SS: Sum of Squares; DOF: Degree of
Freedom; V: Variance; F-Fisher test factor tabulated for Type of vibration: 4.07,

F-Fisher test factor tabulated for other parameters: 3.22.

Table 8.6 Analysis of variance of S/N ratio for Cutting rate

SOURCE SS DOF |V p F-Ratio
Type of Vibration 30.35 1.00 30.35 127 8.75
Amplitude of

Vibration 43.82 2.00 21.91 10.50 6.31
Peak current 125.75 2.00 62.88 30.13 18.12
Duty Cycle 64.81 2.00 3241 15.53 9.34
Waorkpiece

Thickness 98.77 2.00 49.38 23.67 14.23
Wire Feed Rate 32.99 2.00 16.50 7.91 4.75
ERROR 20.82 6.00 3.47 4.99

Total 417.31 17.00 | * 100.00

Significant at 95% confidence level, SS: Sum of Squares; DOF: Degree of

Freedom; V: Variance; F-Fisher test factor tabulated for Type of vibration: 5.99, F-
Fisher test factor tabulated for other parameters: 5.14.
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Table 8.5 & 8.6 represent the analysis of variance (ANOVA) for raw date and the
S/N ration for the cutting rate respectively. The results reveal all the factors
significantly affected the cutting rate for Hybrid WEDM process for both the raw date
. and S/N ratio. The column “P” represents the % contribution of the particular factor to
the response characteristic. Table 8.5 indicate that the peak current (36.49%), duty
cycle (14.88%), amplitude of vibration (8.16%), and workpiece thickness (6.34%) and
Type of vibration (3.95%) are the highest contributors to cutting rate and S/N Table
8.6 confirm the same. Whereas in S/N ratios Table 8.3 indicate that wire feed rate
(6.22%) is a contributor for raw data but did have not significant S/N ratio. The graph

has been discussed in previous sections.
8.1.6.1. Estimation of optimum cutting rate response:

The optimum value of cutting rate (CR) (mm/min) was predicted at the selected
levels of significant parameters A, B; C; D3 Ey Fp. The estimated mean (ucr) of the
response characteristic CR was determined as in equation (8.1). Where T: Overall
mean of CR = 3.28, Ay: Average CR at the second level of type of vibration = 3.52,
B,: Average CR at the second level of amplitude of vibration = 3.75, C5: Average CR
at the third level of peak current = 4.11, D3: Average CR at the third level of duty
cycle = 3.73, E3: Average CR at the third level of workpiece thickness= 4.10; Fa:
Average CR at the second level of workpiece thickness= 3.64; reference from Table

8.3 and 8.4. By substituting the values of various terms in the equation (8.1) estimated

mean ( ucr) can be calcu lated.

Hcr=

@®&1)
L cr =3.52+ 3.75+ 4.11+ 3.73+4.10+3.64- 5x 3.28=6.45

" The 95% 'cohﬁdc'nce interval of conﬁnhation' experiments (Clcg) and of population

(Clpop) was calculated by using the following equations (8.2) and (8.3).

Cl o = JFf, (1, )Q)V',[n1 + —H _ : vons (B:2)
eff * v

Fgll, J.)V,
Cl pop = J =t vy (8.3)
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Whe . :
e Fa(1,6): The F ratio at the confidence level of (1-a) against DOF 53 and error

DOF =42 N: -
. fr-“-. N: Total number of results = 54 (Treatment=18, Repetition=3), R:
ample size for confirmation experiments =3 V: Error variance = 3.47 (Ref. Table

3.35), =4 . .
). L eror DOF = 42, The value of ney is calculated with the eqaution (8.4).

N
4.5

Ny =
1+[DOF asociared 3 : ] )
[ associated  inthe estimate  of mean response | (84)

Foos(1, 42)=4.076 (tabulated F value) , So Cleg= £2.81, Clpop=1.77
The predicted optimal range ( for a confirmation runs of three experiments) is :
Her = Cleg < per < per + Cleg ;5 3.64 < pieg <9.26
The 95% conformation interval of the predicted mean is as follows:

ner -Clpop < per < per + Clpop: 4.68< per <8.22

8.1.6.2. Confirmation experiment:

The purpose of confirmation experiment is to validate the conclusions drawn during
the analysis phase. The three confirmation experiments for CR were conducted at the
optimum setting of the process parameters. The type of vibration is set at 2™ Jevel,
amplitude of vibration at 2™ Jevel, peak current at 3" level, Duty cycle at 2™ Jevel,
workpiece thickness at 2™ level and wire feed rate at 2™ level. The Confirmation
experimental value of average CR is found to be 5.09 mm/min, which fall within the
95% confidence interval of the predicted optimum parameters. The conformation run

were repeated thrice to ensure the main effect on CR at A; B, C3 D; E> F; levels as

shown in Table 8.7.

Table 8.7 Confirmation experiments results values observed for quality characteristics

Exp. No Cutting Rate(CR) Residual Stress (RS) Surface Roughness (SR)
mm/min MPa um
B A2B:C;D;E: Fy A,B,C,D,EsF3 AByC\D\E\F;
Rl 5.11 105 0.62
R2 5.09 103 0.72
R3 5.07 98 0.63
Average 5.09 102 0.66
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8.1.7. Selection of optimal levels for Residual stresses (RS):

Table 8.8 and 8.9 represent the Main Effects of Residual stresses (MPa) (Raw Data)
and S/N ratio at various levels smaller-is-better for raw date and the S/N ration for the
residual stress respectively. The tesults of Main effects of residual stresses from
Table 8.8 reveal that the optimum levels of residual stresses for the Hybrid Wire-
EDM are: Discontinuous vibration (level 2), 14pm amplitude (level 2), 100A peak
current (level 1), 66% duty cycle (level 1), 7mm workpiece thickness (level 2), and 11

mm/min wire feed rate (level 3), which provided minimum residual stresses.

Table: 8.8 Main Effects of Residual stresses (MPa) (Raw Data) at various levels smaller is better

Type of ; Dut Workpiece | Wire feed
Lol Viﬁ“ation Amplitiids ](szarl:em cycl_); mickn[::ss rate
Li 242.00 250.50 201.72 193.61 242.06 225.83
L2 215.59 207.83 227.72 243.06 195.56 244.33
L3 " 228.06 256.94 249.72 248.78 216.22
Delta -26.41 -42.67 26.00 49.44 -46.50 18.50
Rank 5 3 5 1 2 6
L1, L2 and L3 represent level of parameters 1, 2 and 3; Delta is the average main effect when
the corresponding parameter changes from level 1 to level 2.

Table 8.9 Main Effects of Residual stresses (MPa) (S/N Ratio) at various levels smaller is better

Level 3’{}: zt(i}jn Amplitude f]iar:*(ml Duty cycle xz&%::e ::;e feed
Ll -47.46 -47.91 -45.89 -45.45 -47.60 -46.98
I.2 -46.49 -45.98 -47.14 -47.69 -45.51 -47.51

L3 * -47.03 -47.89 -47.78 -47.81 -46.44
Delta | 0.97 1.93 -1.25 -2.23 2.09 -0.53
Rank |5 3 4 1 2 ° 6

L1, L2 and L3 represent level of parameters 1, 2 and 3; Delta is the average main effect
when the corresponding parameter changes from level 1 to level 2. -

Table 8.10 Analysis of variance of Raw data fo

al stresses(MPa) -

r Residu
SOURCE SS "‘DOF |V ’ P F-Ratio
Type of Vibration | 9414.24 1.00 [ 9414.24 6.40 [9.27
Amplitude of ; 2 oal
Vib}_’aﬁm 16398.81 | 2.00 . | 819941. . |11.15 8.07
Peak current - 27476.59 | 2.00 | 1373830 | 18.68 13.52
Duty Cycle - 3382593 ° | 2.00 1691296 | 23.00 16.65
Workpiece oy j, s . 3.
Thickﬂcss 9933.87 2.00 4966.94 6.75 4.89
Wire Feed Rate 7349.15 2.00 3674.57 5.00 3.62
ERROR 42674.17 42.00 | 1016.05 29.02
T 147072.76 | 53.00 100.00
Significant at 95% confidence level, SS: Sum of Squares; DOF: Degree of
Freedom; V: Variance; F-Fisher test factor tabulated for Type of vibration: 4.07, F-
Fisher test factor tabulated for other parameters: 3,22,
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Table 8.11 Analysis of variance

et of S/N ratio for Residual str MP
- ei?%‘b _ SS DOF [V P GSSCS(F-;;ﬁo
yp : 10ration 4.24 1.00 4.24 545 4.03
le;:mude of Vibration | 1123 | 2.00 562 | 1445 534
Pesk i 1225 [2.00 613 [15.76 5.82
Sl ! Y 20.83 2.00 10.42 26.80 9.90
e rkpiece Thickness 19.41 2.00 9.71 24.97 9.23
2 ;;(;l;‘;ed Rate 3.45 2.00 1.73 4.44 1164
T 6.31 6.00 1.05 8.12
::nla‘ 77.73 17.00 i 100.00
%gr\n;ﬁf:ant at??/;;onﬁdencc level, SS: Sum of Squares; DOF: Degree of Freedom;
: Variance; F-Fisher test factor tabulated for T f vibration: -Fi ,
factor tabulated for other parameters: 5.14. s

It could be further noticed that in case of all the parameters, the higher values of
average response characteristics correspond to higher values of S/N ratio. It is clear
that parameter peak current, duty cycle, workpiece thickness and amplitude of
vibration significantly affect on residual stresses. Table 8.10 and 8.11 represent the
analysis of variance for raw date and the S/N ration for the residual stress
respectively. From Table 8.10, it can be observed that the percentage contribution of
duty cycle (23.00%) was highest and for type of vibration (6.40%), workpiece
thickness (6.75%), peak current (18.68%), the amplitude of vibration (11.15%) and
wire feed rate (5.00%). The principle controllable factors were discontinuous
vibration, amplitude of vibration, workpiece thickness, peak current and duty cycle
from S/N ration Table 8.11 that affected the Hybrid Wire-EDM response
characteristics. Whereas wire feed rate is not significant factor. It was being

* demonstrated greatest S/N ratio for each factor in Table 8.11.
' 8.1.7.1. Estimation of optimum residual stress response:

_ The optiﬁlﬁm'valﬁe_ of Residual stresses (RS) (MPa) was predicted at the selected
_levels of ‘significant parameters A;B>CiD)EoFs. The estimated mean (prs) of the
- response charabteristic‘-RS was detgrmined as in equation (8.5) (Ross, 1988) and

(Roy, 1990);

... (8.5)

HRrs= ';1_.2_48_2+_(-:_I+-I')_1+£—2+F_1—5xf

Where T: Overall mean of RS = 228.80, Az: Average RS at the second level of type of
vibration = 215.59, Ba: Average RS at the second level of amplitude of vibration =

207.83, C,: Average RS at the first level of peak current = 201.72, Dy: Average RS at
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the first level of duty cycle = 193.61, E,: Average RS at the second level of workpiece
thickness= 195.56, F;: Average RS at the third level of wire feed rate = 216.22,

reference from Table (8.8 and 8.9). Substitute the values of various terms in the
equation (8.5)

W Rs =215.59+207.8333+ 201.72+193.61+195.56+216.22- 5% 228.80= 86.53

The 95% confidence interval of confirmation experiments (Clce) and of population

(Clop) was calculated by using the following equations (8.2) and (8.3):

Where Fq(1,f.): The F ratio at the confidence level of (1-a) against DOF 53 and error
DOF f=42, N: Total number of results = 54 (Treatment=18, Repetition=3), R :
Sample size for confirmation experiments =3 V,: Error variance = 657.24 (Ref. Table

11), f. error DOF = 42. The value of ne is calculated with the eqaution (8.6).
Foos(1, 42)= 4.076 (tabulated F value) , So Clcg=+48.16, Clpop= +24.40
The predicted optimal range ( for a confirmation runs of three experiments) was :
prs - Clcg < u;@ < prs + Clce ;38.37 < prs < 134.69
The 95% conformation iniexval of the predicted mean was as follows:

uRrs -Clpop < pPrs < Prs + Clpop; 62.13< pgs <110.93

8.1.7.2. Confirmation experiment for residual stress:

The three confirmation experiments for RS were conducted at the optimum setting
of the process parameters. The type of vibration is set at 2™ level, amplitude of
vibration at 2™ level, peak current at 1% level, Duty cycle at 1% level, w.orkpiec'e
thichness at 2™ level, wire feed rate at 3" level. From the conﬁrmatidn_ experiments i
the average RS is found to be 102 MPa, which falls within the 95% confidence
interval of the predicted optimum parameter. The conformation run were repeated

thrice to ensure the main effect on RS at A»B>CD,E,F; levels as shown in Table 8.7.
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8.1.8. Selection of optimal levels for surface roughness:

Table 8.12 and 8.13 show that the optimum levels of machining parameters for
surface-rpughness are: discontinuous vibration (level 2), 18pm amplitude (level 3),
100A peak current (level 1), 66% duty cycle (level 1), 10mm workpiece thickness
(level 1), 11 mm/min wire feed rate (level 3). Table 8.14 and 8.15 show that A, B, G,
D and E significantly affect both the mean and the variation in the SR values.

Table 8.12 Main Effects of surface roughness (um) (Raw Data) at various levels smaller is better

Ty g Wire
Level viﬁat?jn et PCT:']r(ent Duty cycle gﬂﬁp;::ﬁ f:te:
Ll 262 2.57 1.85 1.89 1.94 225 |
L2 2.03 2.22 2.34 2.31 2.27 251 |
L3 * 2.17 2.77 2.76 2.75 2.21
Delta | -0.59 -0.36 0.49 0.42 0.33 026 |
Rank |1 4 2 3 5 6
L1, L2 and L3 represent level of parameters 1, 2 and 3; Delta is the average main effect
when the corresponding parameter changes from level 1 to level 2.

Table 8.13 Main Effects of surface roughness (um) (S/N Ratio) at various levels smaller is better

; Wire

Level Tyeof | uuiide [F5K (DY | Wokmles® | g

vibration Current | cycle thickness rate
LI -7.85 -7.66 -4.99 -5.14 -5.34 -6.56
L2 -5.89 -6.49 -7.13 -6.91 -6.87 -1.72
L3 * -6.46 -8.49 -8.56 -8.40 -6.33
Delta 1.96 1.17 -2,13 -1.77 -1.52 -1.15
Rank 2 _ 5 1 3 4 6
L1, L2 and L3 represent level of parameters 1, 2 and 3; Delta is the average main effect
when the corresponding parameter changes from level 1 to level 2.

Table 8.14 Analysis of variance of Raw data for surface roughness (pm)

SOURCE SS DOF |V [P | F-Ratio | Rank
“Type of Vibration | 4.72 "| 1.00 4772 | 14.84 1| 62.68 |4
‘Amplitude-of . o
Vibration 174 | 200 | 087 | 546 |11.54 |5
Peak current - - 768 | 200 |3.84 [24.14 | 5099 |1
| Duty Cycle 6.75 |2.00. [3.37 [21.22 4482 |3

.Workpiece . : 5 ;
Thickness -~ 6.77 | 2.00 |3.38 | 21.28 [44.96 |2
Wire Feéd Rate 099 [200 [050 [3.12 [6.59 6
ERROR 42.0 _

316 |0 . [0.08 | 9.94
T 53.0 100.0

31.79 | 0 0
Significant at 95% confidence level, SS: Sum of Squares; DOF: Degree
of Freedom; V: Variance; F-Fisher test factor tabulated for Type of
vibration: 4.07, F-Fisher test factor tabulated for other parameters: 3.22.
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Table 8.15 Analysis of variance of S/N ratio for surface roughness (um)

SOURCE SS  |DOF [V [P F-Ratio | Ran
k
Type of Vibrati
ype of Vibration | 596 | | g0 ém 1192 | 690 |4
Amplitude of
i s66 | 200 |28 [390 [113 |6
Peak current
I 37.26 | 2.00 ;3'6 2572 | 744 |1
Duty Cycle T
yCy 35.13 | 2.00 ,1,,7'5 2425 | 702 |2
Workpiece
Thic'g’wss 2797 | 2.00 ;3'9 1931 |55 |3
Wire Feed Rate 658 1200 |329 | 454 |[131 T
ERROR 15.02 1600 |250 | 1037
Total 1448 | 170 |, | 1000 "
8 0 0

Significant at 95% confidence level, SS: Sum of Squares; DOF: Degree of
Fll-eed?m; V: Variance; F-Fisher test factor tabulated for Type of
vibration: 5.99, F-Fisher test factor tabulated for other parameters: 5. 14.

The percentage contribution of peak current is high (24.14%) and for workpiece
thickness (21.28%), duty cycle: (21.22%) type of vibration (14.84%), amplitude of

vibration (5.46%). The wire fees rate (3.12%) did not significantly contribute to the

surface roughness.  The interdependency of process quantitative controllable

in Hybrid-WEDM is complex due to other qualitative parameter such as

parameters
and flushing of contaminated dielectric medium.

cavitation, abnormal discharge

Taguchi’s DOE interactive manufacturing approach helped in ranking and selecting

the corresponding optimum Jevel the process parameters under study. -

3.1.8.1.Estimation of optimum performance Characteristics:

ptimum value of SR is predicted at the selected levels of significant

The o
The estimated mean of the response characteristic SR is

parameters A;B3:CDiEF3
determined (Ross 1996; Roy 1990) as

IJ-SRS F2+§3+FI+EI+EI+F3_SXT

BB

Where T: Overall mean of SR = 2.32, A;: Average SR at the second level of type of

2.03, By Average SR at the third level of amplitude of vibration = 2.17,

vibration =
Average SR at the first

first level of peak current = 1.85, Ds:

C,: Average SR at the
Average SR at the first level of workpiece thickness =

level of duty cycle = 1.89, Ey:
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1.94, F5: Average SR at the third level of wire feed rate = 2.21 (Ref. to Table 8.12

and 8.13). Substituting the values of various terms in the above equation (8.6)
Bsk =2.03+2.17+ 1.85+ 1.89 + 1.94+2.21 - 5X2.32 =0.49

The 95% confidence interval of confirmation experiments (Clcg) and population

(Clpop) is calculated by using the equation (8.2) and (8.3):
Where,

Fo(1,f): The F ratio at the confidence level of (1-u) against DOF 53and error DOF f
42 ‘

N: Total number of results = 54 (T reatment=18, Repetition=3) R : Sample size for
confirmation experiments =3

Ve Error variance = 0.075, f, error DOF = 42 (Table 8.14)

n = N =4 5 .....8.7
L 1+[ DOF associatedin theestimateof meanresponse) |
where
Foos(1, 42)=4.07 (tabulated F value), So Clcg=+0.41 and Clpop=+0.26

The predicted optimal range ( for a confirmation runs of three experiments) is :
MsR-ClcE<psp <pse +Clce  ;  0.08 < psp <0.90
The 95% conformation interval of the predicted mean is as follows:

Bsr -Clpop < psr <psr +Clpop ;  0.23<pusp <0.75
8.1.8.2. Confirmation experiments:

The three confirmation experiments for SR were c_:ouductéd at the optimum
scttiﬁg of the process parameters. The type of vibration is set at 2™ Jevel, amplitude
of vibration at 3" level, peak current at I* level, Duty cycle at 1% level, workpiece
thichness at 1% level and wire feed rate at 3" .le‘vgl. '_Thc Confirmation experimental
value of average SR is found to be 0.66 um, which fall wilﬁin t.he- 95% confidence
interval of the predicted optimum parameters. The conformation run were repeated
thrice to ensure the main effect on surface roughness at A>B;C,D,E,F; levels as

shown in Table 8.7.
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8.2. Analysis and discussion of results Phase-11I:

A total number of 32 experimental runs data were collected for a. standard second-
order experimental design called face-centered central composite design (CCD).
Table 7.12 (Chapter 7) shows experimental trail conditions and results of response
characteristics for material removal rate (MRR) and SR performance characteristics.
The 3-D graphs results, based on RSM provide better visualization of the responses.
From the experimental data of RSM, empirical models were developed and the

confirmation experiments were performed.
8.2.1. ANOVA for Material Removal Rate of Hybrid-WEDM:

The F-value of 19.60 for the present Response surface Model for MRR
demonstrated the importance of model for Hybrid Wire-EDM. There was only 0.01%
chance that the large F - value occurred due to uncontrollable parameters. The P-

values under 0.0500 indicated that the model terms are huge. For this study the terms

like peak current (A), pulse on time (B), pulse of time (C) and amplitude of vibration
(D), AB, AC, CE, Az, B, C?, D? E? were significatory model terms. The other

noteworthy model terms were removed as having P-value more than 0.1000. The

Lack of Fit F-value 3.01 was an index of insignificance to pure error. There was 11.58
9% probability that a nLack of Fit F-value" vast could happen because of .the
commotion. The “Predicted R>" (0.7300) was insensible concurrently with the
“Adjusted R*" (0.8936). This model was utilized to explore the plan space. The peak

current, pulse on time and pulse off time have the overwhelming impact on the MRR.

The MRR straightforwardly built from peak current and pulse on time; however, at

the same crumble the surface morphology. The outcomes showed the significant

impact of the amplitude of vibration in execution of Hybrid-WEDM performance.

The mechanical vibration of work piece conferred inertial energy and grants- the

kinetic vitality to the bubbles and debris to empty discharge gap. The effortlessly
expel of debris and gas bubbles come about fewer shot circuits and resulted in

efficient discharge. The ANOVA Table 8.16 was a portrayal of complex

interdependency of all the factors selected for experimentation. That was on the

grounds that amplitude of vibration in Hybrid WEDM impacted extremely to each

segment of ultrasonic vibration assisted Wire-EDM process. The amplitude of

vibration developed acoustic pressure, which resulted in suction of fresh dielectric and
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ust of contamina . .
i ted one. In this proposed experimental set-up, the ultrasonic

vibration developed alternative compression and expansion of discharge gap in the
upper and lower half of the workpiece.

Table 8.15 Pooled analysis of variance for MRR | -

Source Sum of Df Mean F- Povalue
Squares Square value
Model 1568.59 14 112.04 1960 < Significant
0.0001
A-Peak current 428.03 1 428.03 74.89 < Significant
B-Pulse on Ti a.0001 P
ime 241.02 1 241.02 4217 < Significant
’ : 0.0001
C-Pulse off Time 17147 - 1 17117 2995 < Significant
. 0.0001
D-Amplitude of 55.95 1 5595 9.79 0.0061  Significant
Vibration
E-Wire Feed Rate 0.6419 1 0.6419 0.1123 0.7416  Not
significant
AB 33.05 1 33.05 5.78 0.0279 Significant
AC 28.69 1 28.69 5.02 0.0387 Significant
CE 41.91 1 41.91 7.33 0.0149 Significant
A? 74.01 1 74.01 12.95  0.0022  Significant
B . 126.87 1 126.87 22.20  0.0002  Significant
c: 222.09 1 222.09 38.86 < Significant
0.0001
D? 90.13 1 90.13 15.77 0.0010 Significant
E? 201.70 1 201.70 35.29 < Significant
0.0001
Residual 97.17 A7 872
Lack of Fit 85.37 12 7.11 3.01 0.1158 Not
significant
Pure Error 11.80 5 236
Cor Total 1665.76 31
Std. Dev. 2.39 R? 0.9417
Mean 14.55 Adjusted R? 0.8936
CV.% 16.43 Predicted R* 0.7300

Adeq Precision  16.1383

The 3-D response surface graphs in Figures (8.25-8.27) were plotted to ponder the |
combined effect of two process factors on MRR. It was observed that the MRR had an.

increasing trend with the peak current and pulse on time. Nani, (2017) explainéd that

ultrasonic vibration encouraged the fundamental discharge condition to enhanced

MRR and thereby process stability.
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A: Peak current (Amp)
Figure 8.25 Effect of peak current and pulse on time on MRR

This phenomenon resulted in efficient flushing mechanism for debris. This improved

flushing mechanism, prepared a ground for the

recurrence of normal discharge and
hence increased the MRR.

R1

A.: Peak current (Amp) C: Pulse off Time (ps)

70 52

Figure 8.26 Effect of peak current and pulse off time on MRR
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Figure 8.27 Effect of wire feed rate and pulse off time on MRR

The MRR for the proposed Hybrid-WEDM is proportional to the discharge frequency
during machining. The Ultrasonic vibration of work piece increased the frequency of
effective discharge. The peak current value above 150 ampere and pulse on time
above 130 not only increased MRR but also resulted in high wire breakage. The high
peak current at high pulse on time led to high discharge energy.

Normal Plot of Residuals

Normal % Prabability

L —— 7 17 1T T T
300 -200 -100 000 100 200 300 400

T

Externally Studentized Residuals

Figure 8.28 Normal Plot of Residuals for MRR
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Predicted vs. Actual
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. Figure 8.29 Predicted vs. Actual for MRR

Although, the effect of amplitude of vibration on the MRR in Hybrid-WEDM was
much less than that of the peak current and pulse on time but the amplitude of
vibration provided the flexibility to widen the range of peak current and pulse of time
to work with. Higher MRR was obtained at 14 pm amplitude of vibration. It was also
observed that MRR remains almost constant with the wire feed rate. The effect of
wire feed rate was not significant compared to other parameters selected in this study.

Though, the wire feed rate increased the process stability and decreased frequency of
wire breakage.

The résidual analyses plotted in Figure (8.28-8.29) for the model were a main
diagnostic tool for normal probability plot of the residuals. That plot was to check for
normality of residuals and to check for constant error. Most of the experimental data
pomts were normally distributed and followmg the stralght line as in Figure 8.28. The

Figure 8.29 showed that all the real values were fo]lowmg the anticipated values and

along these lines proclaiming model supposmons were Tight. The condition of MRR

as far as components under thdught'éould be utilized to make forecasts about the

MRR execution normal for Hybrid-WEDM for given levels of each factor. The high

levels of the elements were coded as +1 and the-low levels of the components are

coded as - 1.

MRR =

-405.30016

+0.214333  Peak current

+4.49704 Pulse on Time
+6.66100 Pulse off Time
+0.684425  Amplitude of Vibration
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-0.520675  Wire Feed Rate

+0.003593  Peak current * Pulse on Time
-0.005579  Peak current * Pulse off Time
+0.067435 Pulse off Time * Wire Feed Rate
-0.000993  Peak current?

-0.020797  Pulse on Time?

-0.076433  Pulse off Time?

-0.012173  Amplitude of Vibration?
-0.163888  Wire Feed Rate?

The coded condition is important for recognizing the relative effect of each variable
by contrasting the factor coefficients. The pulse on time and pulse off time along the
peak current factors have a most astounding coefficient assessed in the given
condition of the MRR for Hybrid-WEDM process. The effect of amplitude of
yibration could not be overlooked and had significant effect on MRR. The final

equation in terms of code factors is given in equation (8.8).

8.2.2. ANOVA for Surface Roughness of Hybrid-WEDM:

The model F-value (35.16) for the proposed Hybrid-WEDM process suggests
essentialness of the model. The ANOVA sum of squares for surface roughness was
Type III — Partial. The critical interdependency of choosing factors for proposed
Hybrid Wire-EDM performance has been illustrated in Table 8.16. For this situation
A, B, C, D, AB, AC, BD, BE, CD, CE, A?, B?, C? are the convincing model terms.

The Lack of Fit F-value (4.41) inferred that there was a 5.63% shot that a Lack of Fit
F-value could happen because of unpredictable factors. The Predicted R” (0.8234) was
insensible concurrence with the Adjusted R? (0.9391); i.e. the distinction is under 0.2.

recision measures the signal to commotion proportion. A proportion more

Adeq P
prominent than 4 was alluring. The proportion of 18.806 demonstrated a sufficient
signal.
Table 8.16 Pooled analysis of variance for Surface roughness
f Mean F- P-value
Source Sum of D Square value
_ Squares 14 0.5305 3516 < Significant
Model 7.43 0.0001
1 2.57 170.16 < Significant
A-Peak current 2.57 0.0001
I 1.12 74.38 < Significant
B-Pulse on Time 1.12 0.0001
I 1 1.11 73.24 < Significant
C-Pulse off Time L1 0.0001
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D-Amplitude of 0.2625 1 02635 1740  0.0006 Significant
Vibration
E-Wire Feed Rate 0.0005 1 0.0005 0.0334 0.8571  Not
significant
AB 0.2943 1 0.2943 19.50  0.0004  Significant
AC 0.2475 1 ©0.2475 1640  0.0008  Significant
BD 0.2889 1 " 10.2889 19.15  0.0004  Significant
BE 0.1139 | 0.1139 7.55 0.0137  Significant
CcD 0.2998 1 0.2998 19.87  0.0003  Significant
CE 0.4323 1 0.4323 28.65 < Significant
- 0.0001
A? 0.4123 1 0.4123 2732 < Significant
0.0001
B? 0.2290 1 0.2290 15,18  0.0012  Significant
c . 0.1416 1 0.1416 039  0.0070 Significant
Residual 0.2565 17 0.0151 '
Lack of Fit 0.2344 12 0.0195 441- 00563 Not
significant
Pure Error 0.0221 5 0.0044
Cor Total 7.68 31
Std.Dev.  0.1228 R? 0.9666
Mean 1.52 Adjusted R?  0.9391
CV.% 8.06 Predicted R 0.8234
Adeq 18.8064
Precision

The 3-D response surface graphs for Hybrid-WEDM process variables for the

ughness were illustrated in Figures (8.29 - 8.32). I
peak current and pulse on time deteriorated the surfac

surface ro t was clear in Figure

(8.29-8.32), that the

e integrity.

C: Pulse off Time (u3)

Figure 8.30 Effect of peak current and pulse off time on SR -
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Figure 8.31 Effect of pulse on time and peak current on SR
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Figure 8.32 Effect of pulse on time and amplitude of vibration
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The high peak current for each spark, produced high discharge energy per pulse for
more time interval. That caused the large crater size and high residual stresses on the
surface. The Figure 8.32 demonstrated that, the surface rough declined with increment
in pulse off time. High peak current generated high discharge energy that led to higher
temperature gradient and that creates crater of large size.

Normal Plot of Residuals

Normal % Probability
.

et

| | T T T I T
300 -200 -100 000 100 200 300 400

Externally Studentized Residuals
Figure 8.34 Normal Plots of Residuals for SR

Predicted vs. Actual

25

Predicted

1.5 -

Figure 8.35 Predicted vs. Actual for SR

That caused a bigger surface harshness on the workpiece surface. It was seen from

Figure (8.34- 8.35) that the optimum surface roughness could be accomplished
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with an amplitude of vibration extend between 12-14um, and beyond that the surface
roughness increased.

Normal probability plot has been drawn for externally studentized residuals in
Figure (8.34) to check the typicality of residual, Linearity of this normal plot affirmed

the typical distribution of the experimentally obtained data.

The Figure (8.34) displayed that all the actual and predicted values were following the

normal distribution linearity with least steady error.

SR =

+23.75414

-0.021477 Peak current

-0.239119  Pulse on Time

-0.232794  Pulse off Time

-0.219340  Amplitude of Vibration

-0.548229 Wire Feed Rate

+0.000339 Peak-current * Pulse on Time

-0.000518 Peak current * Pulse off Time
+0.001120 Pulse on Time * Amplitude of Vibration
+0.002109 Pulse on Time * Wire Feed Rate
+0.001901 Pulse off Time * Amplitude of Vibration
+0.006849 Pulse off Time * Wire Feed Rate
+0.000074 Peak current?

+0.000878 Pulse on Time?

+0.001918 Pulse off Time?

The equation (8.9) is contemplated for surface roughness execution of Hybrid-
WEDM regarding coded factors. This condition can be utilized to make better
forecasts about the Surface roughness for a given range of each factor. As a matter of
course, larger amounts of the variables are coded as +1 and the low levels of the
components are coded as - 1. The proposed actual variable equation is helpful in

distinguishing- the relative effect of the parameters by looking at the factor

coefficients.
8.3.Multi Response optimization using desirability function (Phase-IV):

It is recognized that Hybrid-WEDM performance qualities characteristics MRR
and SR are sepérating in nature. The maximum value of MRR could be accomplished
for 12-16um amp[itudé of vibration. At the point when high amplitude vertical
ultrasonic vibration is connected to work piece through a cantilever course of action,

caused solid mixing impact and caused higher MRR and on the other side high heat

energy caused poor surface morpho logy.
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Figure 8.36 Overall desirability variation's with Amplitude of vibration vs. pulse on time

Desirabili
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Figure 8.37 Overall desirability variations with Amplitude of vibration vs. peak current

Desirability function has been utilized to decide the ideal parameters for Hybrid-
WEDM process to streamlining of MRR and SR for Hybrid-WEDM process. The

single response and multi response optimizations were accomplished through
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desirability function. Utilizing Design €Xpert software, ideal arrangements are
. for determini i ; ’
inferred o mminng - outling space Imperatives for multi performance
characteristics. The overall desirability variation contour

il ‘o for amplitude of vibration
(A), Peak curren

B) and pulse on time (C) are demonstrated in Figure (8.36- 8.37).
The value of the amplitude of vibration range between 12-] 6pm is desirable to obtain

maximum performance of Hybrid-WEDM for both performance characteristics. The
Figure (8.38) demonstrates the desirability numerical value of Hybrid-WEDM process

parameters for the solution of 1 out of 16 confirmation runs. Equal importance is

assigned to all the process variables,

Desirability

A:Peak current

B:Pulse on Time

C:Pulse off Time

D:Amplitude of Vibration

E:Wire Feed Rate

R1

Combined

0.000 0.250 0500 - 0.750 1.000
| Solution 1 out of 16
Figure 8.38 Bar Graph of combined Desirability for MRR and SR |
The individual desirability value for MRR and SR is 0.703572 and 0.887?44_
respectively. The desirability function is the indexjgf most- desirable to the least

desirable. The desirable value an obje_c'tivc to be achieved lies between O to 1 scales.

SR is more desirable than MRR. The overall combined desirability for Hybrid-

WEDM performance characteristics C s 0.790311.
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CHAPTER 9
MULTI CHARACTERISTICS OPTIMIZATION USING UTILITY

FUNCTION

9.1. Introduction:

In recent years, ultrasonic vibration assisted Hybrid-WEDM have been developed

to curve the limitations of normal Wire-EDM process. But the complex

interdependency and interrelationship of performance restrain the best factors setting
for which multiple responses could be optimized simultaneously. Although many
mathematical techniques have been available in literature to solve such types of
engineering optimization problems. The use of multiple criteria decisioo making
methodology helped in reducing the computational effort involved (Rao, 2009). But
some of these methods further complicate the optimization of the multi response
problems of Hybrid-WEDM, as it required complicated mathematical models. Shiau,
(1990) proposed a combined neuro-fuzzy model and Taguchi approach to resolve a
complex parameter design problem with multiple responses. Rao and Gandhi (2002)
applied graph theoretic approach to analysis the universal machinability of work
material. They- convert the quantitative variables affecting the machinability criteria
into qualitative scale. Dubey, (2008) utilized the Taguchi loss function and utility
function approach to optimize the multi-response electro-chemical hom'ngl machining
(ECH). They confirmed the feasibility of this approach over vide range of parameters
of ECH and also evaluated that this approach provide ﬂexxblhty to the user for the -
selection of desirable quality attribute. Jangra et al, (2010) presented gray

relationship analysis of multi-response optnmzatlon methodology to analysis

machining of punching die D3 tool steel using wire-EDM ‘process. -Tripothy and
Tripathy, (2016) proved the feasibility of TOPSIS and grey felational analysis for
optimization of multi-response performance vanable of powder—nnxed EDM process.

Kumar et al., (2012)analyzed the turning of uni-directional glass fiber-reinforced
plastics utilizing Taguchi experimental design and utility concept . A utility model was
developed by them to evaluate the utility of surface rough and metal removal rate for
various input parameters and found that this approach provide appropriate solution for

multi-response optimization problem. Kumar et al., (2017) proposed graph theoretic

174



approach for analysis and modeling of Ultrasonic vibration assisted EDM process.
They considered the qualitative as well as quantitative attribute on the same platform.
An undertaking has been made through this investigation to check general Hybrid-
WEDM execution, by considering the relative commitment of all the quality attributes
at the same time. A strategy in light of utility capacity and Taguchi technique has
been proposed for deciding the ideal settings of process or parameters for multi-
reaction. The weighted-utility function for Hybrid -WEDM quality characteristics
optimization is the novelty of the proposed study to identify the most appropriate

combination of variable in conjunction with optimum utility of the process.
9.2. Multi-response optimization through utility concept (Phase-V):

A product or a procedure is regularly assessed based on certain number of value
qualities, sometimes clashing in nature. Accordingly, 2 joined measure is important to
check its overall performance, which must consider the relative commitment of all the
quality attributes. In the accompanying, a system in light of utility idea and Taguchi
strategy a philosophy has been advanced for deciding the ideal settings of process or
parameters for multi-reaction/multi-qualities process or product. The multi- response

streamlining of value attributes of Hybrid-WEDM has been completed in the

accompanying areas.

9.2.1. The Concept of Utility:

Utility can be characterized as the convenience of an item or a procedure in
reference to the desires for the clients. The general helpfulness of a procedure/item
can be spoken to by a bound together record named as Utility which is the aggregate
of the individual utilities of different quality attributes of the procedure/item. The
methodological reason for Utility approach is to change the evaluated response of
quality characteristics into a typical index. In the event that Xi is the measure of

every

adequacy of a trait (or quality characteristics) i and there are n properties assessing the

result space, than the joint Utility capacity can be communicated as in Equation (9.1):

U (X,, XX )= (U (XU X )l (X .))
....(9.1)

Where U;(X;) is the utility of the i characteristic.
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The. general I.J'tlllty function €quation (9.2) is the whole of individual utilities if the
attributes are independent, and is given as follows:

0% KX »)=§3]U-.(Xi)

9.2)

The attribute might be doled out weights relying on the relative significance or needs

of the qualities. The general utility function in the wake of appointing weights to the
qualities can be communicated as Equation (9.3):

UXGX0X )=5 WU X))

(9.3)

Where Wi is the weight doled out to-the property “i". The total of the weights for

every one of the factor must be equivalent to 1.

9.2.2. The Utility Value determination:

An inclination scale for every quality characteristic is developed for deciding its
utility esteem. Two self-assertive numerical qualities (inclination number) 0 and 9 are
allocated to the simply adequate and the best estimation of the quality characteristic
individually. The inclination number (Pi) can be communicated as Equation (9.4) on a
logarithmic scale as takes after, (Gupta and Murthy, 1980):

P = Axlog {LJ
X .... 'Eq
(9.4)
Where Xi = estimation of any quality value or charactcﬁstic i

X, = simply acceptable estimation of value or characteristic i

A = constant

The estimation of A can be found by the condition that if Xi = X* (where X* is the

ideal or best esteem), at that point Pi=9

) 0 e (9.4)a
In this manner, A= — ¥

log ——
By
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The general utility can be computed by Equation (9.5) as takes after:

U=YW,P
WP .95)

Subject to the condition: : i W, =1

i=l
Among different quality attributes compose Viz. smaller the better, higher the better,

and ostensible the better proposed by Taguchi, the Utility concept would be higher the

better sort. In this manner, if the Utility concept is augmented, the quality attributes

cr:msidered for its assessment will naturally be improved (amplified or limited by and

large).
Table 9.1; Experimental results of various response characteristics
Ex  Cutting Rate (mm/min) SN Residual stresses S/N___ Surface Roughness(um) SN
P Ratio _(MPa) Rati Ratio
No. Rl R2 R3 @B) Rl R2 R3 ofd RI R2 R3 (dB)
B)

122 132 138 533

1 ; y
043 045 046 50 198 185 198 4575

302 300 298 gq4

"~
ra
o
ra
=]
(5]
(=]
=
=]

9.24 252 260 266 48.28

i A
3 s: 0 53 526 an g, o 25 2m 4929 O 386 376 gy

4 239 241 245 766 134 136 142 42.76 1.62 1.84 1.76 482

5 4.63 4.65 4.54 1327 225 256 265 47.93 310 3.02 3 976

6 352 351 347 4ee 302 310 305 4971 38 353 343 4059

7 1.45 1.47 1.43 323 235 214 220 4723 1.68 1.36 1.47 357

§ 276 278 266 g93 e 227 206 4697 236 296 232 g33

35 306 342 10.45

9 ale 418 408 534 94 298 286 493
0 351 358 345 g9 291 287 268 4901 132 308 298 g
Nooas2 188 192 s g3 ;e 25 4713 156 162 158 g

12 375 383 371 156 268 243 243 4801 296 264 234 g9

1.60 1.52 1.57

13 3630 375 365 5 s 183 234 4598 3.88
14 445 45T Al oo me  am aeg 290 16D
150 383 375 379 33 o6 14 136 4242 L# M W a5

6 276 288 218 gu g 1er 14 aaes 206 18618 s
337 349 336 ge o 1se 161 asas 017 183 59
J 2. . p
s 423 435 A o e e e daqp NS5 206 20 g
ss.61 5967 5902 409 4078 4187 4159 4171 42
' = Overall mean of Tas ~ Overall mean of T s& = Ovenall mean of
CR=328 RS=228.80 ; SR=2.32

177



9.2.3. The Algorithm:

The stepwise system for completing multi-

response improvement with Utility
concept and Taguchi strategy is shown as:

1. Use the Taguchi framework tria plan and examination to discover the ideal
estimation of every one of the chosen process response.

2. Construct an inclination scale for every response in view of their ideal esteem
and least worthy level (Eq. 9. 4).

3. Assign weights (Wi) in light of the experience and client preference, keepmg
in see that the aggregate entirety of weights is equivalent to 1.

4. Find general utility qualities for various test preliminary conditions
considering every one of the response associated with multi- response
enhancement (Eq. 9.5).

5.

Use the qualities decided in stage 4 as crude response of various preliminary

states of the test framework. On the off chance that preliminaries are rehashed,

discover S/N ratio (HB compose), as the utility is a higher-the-better write

trademark [Roy (1990)]

6. Analyze the outcomes according to the standard technique recommended by
Taguchi [Roy (1990)].

7. Find the ideal settings of process parameters for mean and S/N utility in view
of the investigation performed in stage 6.

8. Predict ideal estimations of various response qualities for the ideal parametric

setting that augments the general utility as decided in stage 7.

9. Conduct affirmation tests to check the ideal outcomes.

9.2.4. Utility for the Model of CR, RS and SR (Phase-V):

In view of the system created in the past section, following case have been
considered to get the ideal settings of the procedure parameters of Hybrid-WEDM for
foreseeing the ideal estimations of joined responses. All the three quality attributes
(CR, RS and SR) have been incorporated into utility response. Taguchi L18
symmetrical exhibit (OA) [Roy (1990)] has been adopted for directing the
investigations. Type of vibration, amplitude of vibration (B), peak current (C), duty

cycle (D), workpiece thickness (E) and wire feed rate (F) are chosen as information
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parameters. The watched estimations of response parameters are given in Table 9.1
Response parameters (quality attributes) were Cutting rate (CR), residual stresses

(RS) and surface roughness (SR), when these were advanced independently; the

outcomes of results was delivered in Table 9.2.

Table 9.2: Optimal setting and values of process parameters (individual quality characteristics

qptimization)
Response Optimal level of | Significant Predicted optimal
Characteristics | process process value
parameters parameters of quality
. characteristics
CR A2B2C3D3E3F2 | A, B,C, D, E, F | 6.45 mm/min
RS A2B2CIDIE2F3 | A, B,C,D,E,F | 86.53 MPa
SR A2B3CIDIEIF3 | A,B,C,D,E,F [ 049 um

Following is the stepwise procedure for transforming experimental data into utility

data.
9.24.1. Construction of preference scales:
a)  Preference scale for Cutting Rate (Pcr):

X* = Optimal value of Cutting Rate =6.45 (refer Table 9.2)

X = Just acceptable value of CR = 0.42 (All the observed values of CR are

greater than 0.42)

* Using equation (9.4a) for calculating Acr

9
.X*

Acr =

=759
log e

X,
" Following equation is obtained from eqﬁation 9.4:.

| (x
P -7.59 x log | 2|
o= g[o.4z}

b)  Preference scale for Residual stresses (Prs):
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X* = Optimal value of RS = 86.53 (refer Table 9.2)

X, = Just acceptable value of RS = 315 (All the observed values of RS are

lesser than 315)

Using equation (9.4a) for calculating Ags

Following equation is obtained from equation 9.4:

Pm=—16.36>(10g [;\,‘l;")

(9.7
c¢)  Preference scale for SR (P sp):
X* = Optimal value of SR = 0.49 (refer Table 9.2)

X, = Just acceptable value of SR = 3.9 (All the observed values of SR

are lesser than 3.9)

Using equation (9.4a) for calculating Asgr

Following equation is obtained from equation 9.4:

P, =-10.05 x log [);;" J ;
: en(9.8)

9.2.4.2.Calculation of Utility Value:

Meet weights (1/3 each) have been allocated to the chosen quality attributes
expecting every one of the qualities is similarly imperative. Be that as it may, these

weights can be differed relying on the case or client prerequisites, assuming any.

The accompanying connection was utilized to compute the utility function in view of
the exploratory preliminaries:
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U, 1)=Pg (0, 1)x Weg +Pys (0, )% W + P (0, 1)x Wee - (9.9)

Where Wa =0.33; W, =0.33; W =0.33
n is the trial number (n = 1,2,3,....,18) and r is the repetition number (r=1,2,3). The
calculated Utility values are shown in Table 9.3.

Table 9.3: Calculated Utility data based on responses

Utility values
Trail Rl |R2 [R3 | S/Nratio
No. (dB)
1 279 | 2.88 | 2.71 | 8.92
2 299 [2.90 292 [9.35
3 3.19 [ 2.93 [ 3.02 | 9.67
4 5.16 | 495 [ 493 | 14.00
5 3.73 [ 3.47 [ 3.32 | 10.87
6 2.71 | 2.49 | 2.56 | 8.23
7 3.25 | 3.58 | 3.58 [ 10.77
8 3.55 | 3.22 | 3.52 [ 10.68
9 2.89 [ 2.98 | 2.89 | 9.31
10 2.73 | 2.89 | 3.06 | 9.19
11 4,12 [3.76 | 336 | 11.38
12 3.16 | 3.57 | 345 | 10.58
13 5.01 | 5.01 | 436 [ 13.56
14 432 | 4.44 | 434 | 12.80
15 5.77 | 5.67 | 5.65 | 15.11
16 441 | 4.81 [ 4.51 | 13.19
17 403 | 516 [ 484 | 13.25 |
18 4.14 | 3.87 [ 3.69 | 11.79
R1, R2, R3 = repetitions of experiments
against each of the trial conditions.

9.2.4.3. Analysis of Utility data for optimal setting of process parameters:

The average and main response in terms of Utility valucs--and S/N ratio (Tables 9.4
and 9.5) are plotted in Fig. 9.1 to 9.6. It can be observed from Fig. 9.1 to 96 that -the
2" Jevel of type of vibration (Az), 2™ level of amplitﬁdé of vibrafion (Bz-), 3"level of
peak current (Cs), 3" level of duty cycle (Ds), 2" level of 'workpiécc _— (Eﬁz')',
and 2™ level of wire feed rate (F) are expected to 'yield. a maximum values of the

utility and S/N ratio within the experimental range.

It can be seen from Table 9.6 that all the parameters did- hﬁgé-impact (a{ 95%
confidence level) on the utility function. Then again, from Table 9.7 indicates that the
types of vibration, amplitude of vibration are the most astounding donors of general
utility of Hybrid-WEDM process. In this way, other immaterial parameters for S/N

ratio can be taken as economy factor. The ideal estimations of utility and hence the
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ideal estimations of response attributes in thought are anticipated at the above levels
of significant parameters.

Table 9.4: Main Effects of Utility Raw Data (: CR, RS and SR)

Fopmey -
Level ;rll'gpﬁ; _Of m[:)l;':ude Peak | Duty | Workpiece \g::
ration vibration | Surrent cycle | thickness rate

L1 3.30 3.14 392 | 4.14 3.48 3.61
L2 4,23 4.33 3.78 3.67 4.18 3.67
L3 k) 3.83 3.59 3.48 3.64 4.01
L2-L1 0.93 1.19 -0.15 | -0.48 0.70 0.06
L3-1L.2 -0.50 -0.19 | -0.18 -0.54 0.34

Table 9.5: Main Effects of Utility S/N Data (: CR, RS and SR)

Teve Type of ‘:fmplnude Peak Duty | Workpiece ggf
vibration vibration | current cycle | thickness piti
L1 10.20 9.85 11.61 | 12.00 | 10.65 10.87
L2 12:32 12.43 11.40 | 11.15 ] 12.15 11.07
L3 * 11.50 10.78 10.63 | 10.97 11.83
L2-L1 |[212 2.58 -0.22 -0.84 | 1.50 0.20
L3-L2 | * -0.93 -0.61 -0.52 | -1.180 0.76
Table 9.6: ANOVA for Utility raw data (CR, RS and SR)
SOURCE SS DOF Vv P F-Ratio
Type of Vibration ~ 11.59 1 11.59 27.04 54.51
Amplitude of 12.90
5 i 9 2 6.45 30.10 30.35
- Peak current 1.009 2 0.50 2.33 54.51
Duty Cycle 4.159 2 2.08 9.69 9.77
ki 133 620 625
Thickness 2.66 2 L ) 5
Wire Feed Rate 1.63 . 2 0.82 3.81 3.84
ERROR 8.93 42 . 0.21 20.83
T 42.86 53 100

Significant at 95% confidence level, SS: Sum of Squares; DOF: Degree of
Freedom; V: Variance; F-Fisher test factor tabulated for Type of vibration:
" 4.07, F-Fisher test factor tabulated for other parameters: 3.22.

Table 9.7 ANOVA Utility /N Data: (CR, RS and SR)

SOURCE, S DOF_V P F-Ratio
" Type of Vibration ~ 20.19 1 . 20.19  29.65 13.57
Awmpltade ot 2049 - 2 1025 3009 689

Vibration - ; .

Peak current 2.20 ) 1.10 3.22 0.74
" ‘Duty Cycle 5.70 - 2 2.85 8.36 1.91

Warkpise 2 376 1103 253

Thickness 7.52 - :

Wire Feed Rate 3.09 2 154 453 104

ERROR 8.93 6 149  13.11

ix 68.11 17 * 100

Significant at 95% confidence level, SS: Sum of Squares; DOF: Degree of
Freedom; V: Variance; F-Fisher test factor tabulated for Type of
vibration: 5.99, F-Fisher test factor tabulated for other parameters: 5.14.
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9.2.4.4.0ptimal values of quality characteristics (predicted means):

he optimum levels of

The average values of all the response characteristics at t
d in Table 9.1. The

significant parameters with respect to utility function are recorde

optimal values of the predicted means () of different response characteristics can be

obtained from the following equation (9.10):

the response characteristics at the ideal levels of

The normal estimations of all
noteworthy parameters concerning utility function are recorded in Table 9.3. The
ttributes can be

ideal estimations of the anticipated means (}) of various response a

obtained from the accompanying condition (9.10):

Hyguy = A2+ B2- 3T

Where, A,-Second level of type of vibration, Bs-Second level of amplitude of

vibration and

T = Overall mean. The 95% confidence interval of confirmation experiments (Clce)

can be computed [Roy (1990)] by using the following equation (9.11):

Ty
Ol =\ﬁ*m a, va‘[n,f, +Ej|

(9.11)
Where, Fa(l, f;) = The F-ratio at the confidence level of (1-a) against DOF 1

and error degree of freedom f.., R = Sample size for conformation experiments, Ve =

. N : . .
Error variance, Neffr = T DOF’ N= total number of trials, and DOF= Total degrees of

freedom associated in the estimate of mean response.

a) Cutting Rate:
pep=A,+B, - T =3.99
Where A, = 3.52, B =3.75 (Table 9.5) and Tcr = 3.28 (Table 9.2)
The following values have been obtained by the ANOVA:
N = 54, f. = 42; ve = 0.42, ner = 4.5, R=3, Fos (1, 42) = 4.0764
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From equation 9.11, Clcg = +0.98

The predicted optimal range (for conformation runs of three experiments)

for CR is given by Cleg:  3.01< pcr<4.97
b) Residual Stresses:

Hs = A2+ B2 - T =194.62

Where A2 = 215.59, B2 = 207.83 from (Table 9.5): T rs =228.80 (Table
9.2)

The following values have been obtained by the ANOVA:

N = 54, £, = 42; ve =1016.052, nerr="4.5, R=3, Foos (1, 42) = 4.0764
From equation 9.11, Clcg =+ 48.16 '

The predicted optimal range (for conformation runs of three experiments)

for Residual stresses is given by Clce: 146.46< Hrs<242.78

c¢) Surface Roughness:
po=A2+B2-T =193

Where A2 = 2.03,B2= 2.22 (Table 9.5): Tsr = 2.32 (Table 9.2)
The following values have been obtained by the ANOVA:
N=54,f.=42;Ve= 0.08, nefr= 4.5, R= 3, Foos (1,42)=4.0764
From equation 9.11, Clcg =+ 0.43

The predicted dptimal range (for conformation runs of three

' e'x;periments) for SR is giver_i'by Clce: l.50§psg<2.36_ :
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The data from Table 9.4 and 9.5 were plotted in Figures 9.1-9.6. It is clear from the
Figure 9.1 that discontinuous vibration increase the overall utility of Hybrid-WEDM
process. Whereas, the utility fo the proposed process is maximum for second level of
amplitude of vibration as indicated in Figure 9.2. The peak current and duty cycle
increase the cutting rate but decrease the utility function. It is clear for Figure 9.3 and
0.4 that the best utility was obtained at first level of peak current and duty cycle.
Although the involvement of wire feed rate for the performance of Hybrid-WEDM
was negligible but the higher level of wire feed rate desired to obtain maximum utility
as shown in Figure 9.5. The utility function is uncertain under workpiece thickness.

In Figure 9.6 the maximum utility is attained at second level of workpiece thickness.

187



CHAPTER 10

CONCLUSION AND SCOPE OF FUTURE WORK

The investigation into Hybrid-EDM process for exploring the opportunity of
enhancement in normal Wire-EDM process usefulness by applying continuous and
discontinuous vibrations have lead to useful results. This Hybrid-WEDM process
suggested in this research effort can be measured as one of the significant processes in
the field of machining of tools and dies with precision and finishing of components.
The experimental details are discussed in section 10.1; the significant conclusions
from this research work are programmed in section 10.2. Section 10.3 presents the
scope for further work that may be supportive to the manufactures, customer and the

researchers occupied in this expertise.

10.1. Experimental Details:

Experiments have been conducted to investigate cutting rate(CR), Residual Stress
(RS) and Surface roughness (SR) under a wide range (Table 10.1) of machining
parameters such as type of vibration (continuous and discontinuous), amplitude of
vibration, peak current, duty cycle, wire feed rate and workpiece thickness. The

effects of continuous and discontinuous vibration assisted Wire-EDM were explored

for high Carbon high Chromium D2 steel as workpiece.

Table 10.1 Taguchi Methodology (Phase-II)

. Levels

Factors | Parameters Unit Tl Terdd PR

A Type of Vibration - Continuous | Discontinues -

B A!'npli’rude of Work piece pm 10 14 18
Vibration

C Peak Current Amp 100 140 180

D Duty Cycle(Pulse off % 66% 72% 78%
Time)

E Thickness of wok piece mm 10 i 4

F Wire Feed Rate mm/min 5 8 11 |

The L18 orthogonal array depended on Taguchi design was used to perform a
succession of experiments and the investigational data was statistically evaluated by

Analysis of Variance (ANOVA). The confirmation experiments were performed
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which were found within 95% confidence interval. Finally, the process parameters
were optimized for maximum CR, minimum RS and minimum SR in addition to

utility factor and investigation of surface morphology.

Response surface methodology (RSM)  was functional for developing the
mathematical models in the outward appearance of multiple regression equations
correlating the dependent parameters with the autonomous parameters. Metal removal
rate (MRR) and Surface roughness (SR) were investigated under a wide range (Table
10.2) of machining parameters such as pulse-on time, pulse off time, amplitude of
vibration and Wire feed rate of and high Carbon high Chromium D3 steel. Utilizing
the proposed model equations, the response surfaces have been designed to study the
possessions of process parameters on the concert characteristics such as MRR and SR.
From the experimental data of RSM, experimental models were developed and the
authentication experiments were performed, which were found within 95%

confidence interval.

Table 10.2 Response Surface Methodology (Phase-11I)

Levels Code
: d
S.N | Symbol Parameters Units @ | 1| © (-;1 (‘;2 valiie
s
1 B Peak Current A 100 | 105 | 110 | 115 | 120
2 C Pulse on Time s 70 | 90 | 110 | 130 | 150 Real
3 D Pulse off Time s 52 | 49 | 46 | 43 | 40 V""]'
4 A Amplitude of - G| 6 |12 |18]|2&| "
Vibration i 8
5 E Wire Feed Rate | mm/min | 0 6 12 18 24

The outcomes in light of RSM were discovered like that of Taguchi's strategy and
were more enlighténing and wide range of spectrum. There was better perception of
the performance characteristics because of 3-D graphs visualization in RSM, where as
there was no such portrayal of the per'formance characteristics through Taguchi's
approach. Besides, it is conceivable to get relapse conditions connecting the
regression equations with the autonomous factors through RSM which was

impractical through Taguchi's method.
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From equation 9.11, Cl¢g = +0.98

The predicted optimal range (for conformation runs of three experiments)
for CR is given by Cleg:  3.01< pcr<4.97

b) Residual Stresses:

Hps =A2+ B2 - T =194 62

Where A2 = 215.59, B2 = 207.83 from (Table 9.5): Trs=228.80 (Table
9.2)

The following values have been obtained by the ANOVA:
N =54, f = 42; ve =1016.052, ngp=14.5, R= 3, Foos (1, 42) = 4.0764
From equation 9.11, Clcg = + 48.16

The predicted optimal range (for conformation runs of three experiments)

for Residual stresses is given by Clcg: 146.46< MRrs<242.78

c) Surface Roughness:
Hsp=A2+B2-T =1.93

Where A2 =2.03, B2 =2.22 (Table 9.5): Tsg = 2.32 (Table 9.2)
The following values have been obtained by the ANOVA:

N =54, f. =42; v¢ = 0.08, negr= 4.5, R= 3, Fp.os (1,42) =4.0764
From equation 9.11, Clce =+ 0.43 |

The predicted 6ptim,al range (for COnformatiqn runs of three

* experiments) for SR is giveﬁ’by Clcg: l.SOTCI-l'SR<2.3I6 e
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Fig. 9.5 Effect of Wire feed rate on S/N ratio and Utility
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The data from Table 9.4 and 9.5 were plotted in Figures 9.1-9.6. It is clear from the
Figure 9.1 that discontinuous vibration increase the overall utility of Hybrid-WEDM
process. Whereas, the utility fo the proposed process is maximum for second level of
amplitude of vibration as indicated in Figure 9.2. The peak current and duty cycle
increase the cutting rate but decrease the utility function. It is clear for Figure 9.3 and
9.4 that the best utility was obtained at first level of peak current and duty cycle.
Although the involvement of wire feed rate for the performance of Hybrid-WEDM
was negligible but the higher level of wire feed rate desired to obtain maximum utility
as shown in Figure 9.5. The utility function is uncertain under workpiece thickness.

In Figure 9.6 the maximum utility is attained at second level of workpiece thickness.
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CHAPTER 10
CONCLUSION AND SCOPE OF FUTURE WORK

researchers occupied in this expertise.

10.1. Experimental Details:

Experiments have been conducted to investigate cutting rate(CR), Residual Stress
(RS) and Surface roughness (SR) under a wide range (Table 10.1) of machining
parameters such as type of vibration (continuous and disi:ontinuous),
vibration, peak current, duty cycle, wire feed rate and workpiece thickness. The

effects of continuous and discontinuous vibration assisted Wire-EDM were explored
for high Carbon high Chromium D2 steel as workpiece.

amplitude of

Table 10.1 Taguchi Methodology (Phase-I1)

. Levels
Factors | Parameters Unit Level 1 Tewi? o5
A Type of Vibration - Continuous | Discontinues | -
Amplitude of Work piece pm
B Vibestion 10 14 18
C Peak Current Amp 100 140 180
D Duty Cycle(Pulse off % 66% 2% 78%
Time)
E Thickness of wok piece mm 10 7 4 |
F Wire Feed Rate mm/min 5 8 11

The L18 orthogonal array depended on Taguchi design was used to perform a
succession of experiments and the investigational data was statistically evaluated by

Analysis of Variance (ANOVA). The confirmation experiments were performed
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which were found within 95% confidence interval. Finally, the process parameters

were optimized for maximum CR, minimum RS and minimum SR in addition to

utility factor and investigation of surface morphology.

Response surface methodology (RSM) was functional for developing the
mathematical models in the outward appearance of multiple regression equations
correlating the dependent parameters with the autonomous parameters. Metal removal
rate (MRR) and Surface roughness (SR) were investigated under a wide range (Table
10.2) of machining parameters such as pulse-on time, pulse off time, amplitude of
vibration and Wire feed rate of and high Carbon high Chromium D3 steel. Utilizing
the proposed model equations, the response surfaces have been designed to study the
possessions of process parameters on the concert characteristics such as MRR and SR.
From the experimental data of RSM, experimental models were developed and the

authentication experiments were performed, which were found within 95%
confidence interval.

Table 10.2 Response Surface Methodology (Phase-11T)

I Levels | Code
i d
S.N | Symbol Parameters Units \ ) \ “1) \ ©) \ (4;1 \ (-;2 \:aiuc
1 B Peak Current A J1oo]1os] 101151201
2 5 Pulse on Time ps [ 70 | 90 | 110 {130 | 150}R |
3 D | PuseoffTime | ps | 52 | 49 | 46 | 43 | 40 | oy o
3 A Amplitude of - 0 6 12 | 18 | 24 a
Vibration K
5 E Wire Feed Rate | mm/min | 0 | 6 | 12 [ 18 | 24 |

The outcomes in light of RSM were discovered like that of Taguchi's strategy and
were more enlighténing and wide range of spectrum. There was better perception of
thc.'perfo rmance chafacteristi(_:s because of 3-D graphs visualization in RSM, where as
there was no such 'portrayal of the pefforrnance characteristics through Taguchi's
approach. Besides, it is conceivable to get relapse conditions connecting the

regression equations with the autonomous factors through RSM which was
impractical through Taguchi's method.
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10.2.

Som

Conclusion:

¢ of the major contributions of this research work are as follows:

It was evident that the amplitude of vibration is significant parameters to
achieve the flushing of contaminated dielectric by pumping and stirring action

which ultimately enhances evacuation of debris and gas bubbles from gap.

The enormous numerical estimation of the performance index for Hybrid-

EDM process is 3.28647X10'%. As the coefficient of variable for this process

is high that demonstrates the noteworthiness of the variables considered for

performance Index.
The coefficient of variable for surface morphology and flushing is underneath

20% that show that ultrasonic vibration conferred to this proposed process
clearly enhance the flushing, surface morphology and dimensional accuracy.
Cavitation and Abnormal discharge's coefficient of variable is high and these

attributes were less investigated by the researchers in literature, yet influence

the performance index fundamentally.
The digraph representation shows complex interdependency of variables and

sub elements, cavitation influences every other component and corresponding

coefficient of variable for this is high it deciphers very noteworthy element in

this process. In any case, the specialized impediments restrain its
appropriateness in this process.

The major limitation is the big numerical value of the performance index.

16.4901 X 10° may appear to be an odd figure for practical purposes, but
provide a comparison. This could be used to compare the three modes of
vibration.

ISM model developed here in this study highlight the 16 types of drivers and

the interactions between these drivers. These variables can further be grouped

into four categories using MICMAC analysis

- Group-I: Ultrasonic Vibration (Ultrasonic field force and Acoustic

Pressure)
- Group-II: Flushing (Pumping action, Stirring effect and Debris and gas

bubble debris evacuation)
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- Group-III: Normal Discharge (Discharge wave Distribution, Debris
concentration and Arching & short circuit)
- Group IV: Surface Morphology (surface Roughness, Thickness of

recast layer & heat

e From the MICMAC analysis, there is no such driver that has weak dependence
and weak driving power as no drivers is mapped in sector I. Next, the Group
IV variables (Surface Morphology) i.e. surface Roughness, Thickness of recast
layer & heat affected zone, Micro-hardness, Size of Micro- cracks & holes and
Residual stresses drivers are found to have weak driving power and strong
dependence power so it maps to sector II. The drivers such as discharge wave
distribution, Debris concentration, &chmg & short circuit MRR, TWR and
acoustic pressure are found to have strong driving power and strong
dependence power so they map to sector III.

e These drivers are unstable due to the fact that any change occurring to them
will affect other drivers. Pumping action, Stirring effect and Debris, Gas
bubble debris evacuation and Ultrasonic field force drivers posses strong
driving power and weak dependence power so they map to sector IV. The
scientific model proposed in this study can be utilized to add to a suitable
speculation for the execution of ultrasonic vibration in Hybrid-WEDM process
in view of the legacy and interdependency of various proposed variables.

» Mathematical regression equation obtained for surface roughness for Hybrid-
WEDM is: ' _ . _
Surface Roughness = 23.75414 - 0.021477 Peak current - 0;'2391 19 Pulse on
Time - 0.232794 Pulse off Time - 0.219340 Amplitude of Vibration -
0.548229 Wire Feed Rate + 0.000339 Peak -current * Pulse 01-'1-.Time -
0.000518 Peak current * Pulse off Time + 0.001120 Pulse on Time *
AmpIitudc of Vibration + 0.002109 Pulse on Time * Wire Feéd Rate +
0.001901 Pulse off Time * Amplitﬁde of Vibration + 0.@06849 Pulse off Time
* Wire Feed Rate + 0.000074 .Peak current? + 0.000878 Pulselo'n Time? +
0.001918 Pulse off Time? "

o Mathematical regression equation obtained for material removal rate for
Hybrid-WEDM is:
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Material Remova) Rate = . 40530016 + 0.214333 Peak current +

4.49704Pulse on Time + 6.66100 Pulse off Time + 0,684 Amplitude of
vibration - 0.520675 Wire Feed Rate + 0.003593 Peak current * Pulse on Time

- 0.005579 Peak current * Pulse off Time + 0.067435 Pulse off Time * Wire

Feed Rate-0.000993 Peak current? - 0.020797 Pulse on Time? - 0.076433 Pulse

off Time?-0.012173 Amplitude of Vibration?-0.163888 Wire Feed Rate:
The individual desirability value for MRR and SR is 0.703572 and 0.887744

respectively. SR is more desirable than MRR. The overall combined

desirability for Hybrid-WEDM performance characteristics is 0.790311.

The residual stresses estimations were made on high carbon, high chromium

D2 and D3 steel and all the residual stresses readings were observed tensile in

nature. The higher erosion rate attained by the workpiece ultrasonic vibration
was attributed to enchantment in dielectric dissemination.

The residual stresses were lower in discontinuous vibration as a contrast with

continuous vibration. Discontinuous vibration gave adequate time traverse to
attain normal steady state discharge condition, and furthermore enabled
additional inertial forces to evacuate the debris and gas bubbles from the wire
electrode and the work piece discharge gap. The efficient ejection of molten
metal developed from the machined surface likewise brought about lesser
remaining residual stresses.

When high amplitude vertical ultrasonic vibration is applied to work piece
ihrough the proposed cantilever arrangement, causes strong scavenging effect
of contaminated dielectric fluid rather than simple oscillation. That not only
._'chargtl:sl the gap with fresh dielectric but also allows cooling of machined
_surface. -

- This c;cahtilever arrangement provides comparatively high acceleration to
debris and gas bubble to evacuate than that of the ultrasonic wave transferred
perpendicular to the machined surface due to cyclic spatial variation and
pressure gradient.

Although, higher amplitude is desired to create a strong string effect in the
discharge gap by producing large pressure gradient to enhance flushing. When
amplitude of vibration increased beyond 14pm has negative effects on

response. This is caused by the insufficient time interval to clear the gap from
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10.3.

contaminated. A noteworthy contrast is seen in the surface integrity while

machining with continuous and discontinuous ultrasonic vibration helped Wire
EDM.

The most favourable significance of
ike so: Type of Vibration ( A, 2™ level),

process parameters for the envisaged

range of optimal Residual stresswere 1
level) = 14um , Peak Current (E, 1* level)=100

Amplitude of Vibration (B, o
Amp., Duty cycle (F, 1% level) = 66%, Workpiece Thickness (C, 2™ level) =
7mm and Wire feed rate (D, 3" level) = 11 mm/min.

The most favourable significance of process parameters for the envisaged
range of optimal material erosion ratewere as follows: Type of Vibration € A,
2™ level)= discountinous, Amplitude of Vibration (B, 2™ level) = 14pm , Peak
Current (E, 3 level)=180 Amp., Duty cycle (F, 3% level) = 78%, Workpiece
Thickness (E, 3 level) = 4 mm and Wire feed rate (D, ™ Jevel) =

mm/min.
Limitation and scope for future work :

The resonance is a crucial problem in ultrasonic vibration actuators. It

produces huge noise that hinders in the successful implementation of UV

action.

At exorbitantly high amplitude, the expansion in various cavitation air bubbles
may hinder the dielectric liquid from streammg into the discharge region. This
wonder influences the machining to process unstable, promptmg the decreasc

of material erosion rate.

Ultrasonic vibration reduced the ignition delay Wthh generatcd a coarser
surface and increase in electrode wear rate. Also, acoustic cavitations lead to
larger over cut. R

Ultrasonic vibration has been applled for quantltatwe analysis with
quantitatively controllable parameters, not for qualitative parameters.

The performance of Hybrid-WEDM is difficult to evaluate because of the

complex inter-relationships among quantitative and qualitative factors.
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